Investigation of the acidity and nucleophilicity of ionic liquid mixtures and their effects on reaction rates by To, Trang Quynh
Investigation of the acidity and
nucleophilicity of ionic liquid mixtures
and their effects on reaction rates
Thesis submitted as partial fulfilment of the requirements for
the degree of Doctor of Philosophy of Imperial College London
2009-2012
Trang Quynh To
Imperial College London
Chemistry Department
Declaration of Originality
The work described in this thesis was carried out at Imperial College London between
October 2009 and October 2012. The entire body of work is my own unless expressly
stated to the contrary and has not been submitted previously for a degree at this or
any other university.
Copyright Declaration
The copyright of this thesis rests with the author and is made available under a Cre-
ative Commons Attribution Non-Commercial No Derivatives licence. Researchers
are free to copy, distribute or transmit the thesis on the condition that they at-
tribute it, that they do not use it for commercial purposes and that they do not
alter, transform or build upon it. For any reuse or redistribution, researchers must
make clear to others the licence terms of this work
2
Abstract
The Hammett acidity functions (H0) of mixtures of 1-butyl-3-methylimidazolium
hydrogensulfate with sulfuric acid, and 1-butylimidazolium hydrogensulfate with
sulfuric acid, were measured using UV dyes. A linear correlation between H0 value
and the concentration of sulfuric acid was observed for both mixtures. H0 val-
ues of the mixtures were also measured using an NMR probe, mesityl oxide. The
H0 values calculated from the mesityl oxide experiments agreed well with the H0
values calculated from the UV dye data. 1-Butyl-3-methylimidazolium hydrogen-
sulfate, 1-butylimidazolium hydrogensulfate, 1-butyl-3-methylimidazolium chloride,
1-butylimidazolium chloride, 1-butylimidazolium dihydrogenphosphate and 1-butyl-
3-ethylimidazolium acetate were examined as both solvent and nucleophile in nu-
cleophilic substitution reactions with 4-methylbenzyl alcohol. Only 1-butyl-3-ethyl-
imidazolium acetate failed to react. The mechanism of the nucleophilic substitution
reactions of 1-butylimidazolium hydrogensulfate and 1-butyl-3-methylimidazolium
chloride were investigated using Hammett plots. All benzyl alcohols substituted
via the SN2 mechanism in 1-butyl-3-methylimidazolium chloride, however both the
SN2 and SN1 mechanisms were seen in 1-butylimidazolium hydrogensulfate. Finally,
the structures of hydrogendichloride ionic liquids ([HCl2]
−) were investigated using
infrared spectroscopy.
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Abbreviation
[(HO)3(HO)2C3C1im] 1-glyceryl-3-methylimidazolium
[C1C1im] 1,3-dimethylimidazolium
[C2C1im] 1-butyl-3-ethylimidazolium
[C4C1im] 1-butyl-3-methylimidazolium
[C4C1pyrr] 1-butyl-3-methylpyrrolidinium
[C6C1im] 1-hexyl-3-methylimidazolium
[Et3NH] triethylammonium
[Et4N] tetraethylammonium
[H2PO4] hydrogenphosphate
[HC1im] 1-methylimidazolium
[HC4im] 1-butylimidazolium
[HC4pyr] N -butylpyrridinium
[HSO4] hydrogensulfate
[Me4N] tetramethylammonium
[NTf2] bis(trifluoromethanesulfonyl)imide
[OAc] acetate
ACS GCI PR American Chemical Society’s Green Chemistry
Institute Pharmaceutical Roundtable
ATR attenuated total reflectance
BEDT-TTF bis(ethylenedithio)tetrathiafulvalene
C1im 1-methylimidazole
C4im 1-butylimidazole
calc. calculated
conc. concentration
DCM dichloromethane
DFT density functional theory
DMF dimethylformamide
DMSO dimethylsulfoxide
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eq equivalent
Et ethyl
EtOAc ethyl acetate
FTIR fourier transform infrared spectroscopy
HBA hydrogen bond acceptor/hydrogen bond acidity
HBD hydrogen bond donor/hydrogen bond basicity
HMPA hexamethylphosphoramide
IL ionic liquid
IR infrared
Me methyl
MHz mega Hertz
n/a not available
NMR nuclear magnetic resonance
OEt ethoxy
OMe methoxy
OTf trifluoromethanesulfonate
RD Reichardt’s dye
RDS rate determining step
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Chapter 1.
Introduction to ionic liquids
1.1. Definition of ionic liquids
Ionic liquids, also known as molten salts, are defined as salts whose melting point is
equal to or less than 100°C.21 They are made up entirely of cations and anions.
Most salts are solid at room temperature, and have very high melting points (for
example NaCl melts at 801°C), due to the strong coulombic attraction between posi-
tive cations and negative anions. Therefore, in order to obtain salts with low melting
point, the ordered structure of the ions must be sufficiently disturbed. Factors that
allow this to happen are the bulkiness of the ions, the low internal symmetry in both
cations and anions and the charge delocalisation over more than one atom.
The most popular cations in modern ionic liquids are based on nitrogen i.e. ammo-
nium ions and N-heterocyclic ions, both aromatic and aliphatic. Alkylphosphonium
and alkylsulfonium cations are also employed (Fig. 1.1). As compared to inorganic
salt cations (such as Na+, K+ or Mg2+), these organic cations are large. On top
of this, the alkyl chains introduce rotational degrees of freedom that significantly
reduce the melting point, especially if the chains are branched.22 For cations with
more than one alkyl group, differing lengths of alkyl chain result in a reduced sym-
metry, further disrupting the packing of the ions and lowering the melting point. In
addition, the cation cores can be modified, by substituting the ring hydrogen atoms
with alkyl chains that are branched or bear functionality, such as hydroxy, cyano or
sulfonic acid groups.
Ionic liquid anions are either inorganic or organic (Fig. 1.2). With the exception of
halide anions, the negative charge is usually delocalised.
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Figure 1.1.: Common cations in ionic liquids
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Figure 1.2.: Common anions of ionic liquids
Due to their complex structures, ionic liquids typically have long trivial names.
Thus for convenience, it has become conventional to shorten their formulae by ab-
breviating the cation cores, for example: [C4C1im] = 1-butyl-3-methylimidazolium.
Some anions are abbreviated to their functional group symbols. Table. 1.1 shows
abbreviations of some common cations and anions. Throughout this thesis, ionic
liquids will be referred to using their abbreviations.
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Table 1.1.: List of common abbreviations for cation and anion cores
(a) Cations
Abbreviation Cation core
[CnCmim]
+ imidazolium
[CnCmpyr]
+ pyridinium
[CnCmpyrr]
+ pyrrolidinium
[CnCmpip]
+ piperidinium
[CmCnCoCpN]
+ ammonium
[CmCnCoCpP]
+ phosphonium
(b) Anions
Abbreviation Anion
[NTf2]
− bis(trifluoromethanesulfonyl) imide
[OTf]− trifluoromethanesulfonate
[OAc]− acetate
1.2. Ionic liquids as solvent for chemical reactions
Much of the interest in ionic liquids has centered around their possible use as green
alternatives to volatile organic solvents.23–25 While the couloumbic force between
the ions has been significantly reduced in ionic liquids, it is still strong enough to
prevent the ions from being separated from each other. Consequently, ionic liquids
have negligible vapour pressure and are generally non-volatile. Thus the exposure
risk of ionic liquids is much lower than that of molecular solvents. This nonvolatility
also leads to most ionic liquids being nonflammable under ambient conditions.26
Ionic liquids are often praised as “designer solvents”, thanks to the huge number of
possible combinations of cations and anions, giving the experimentalists the option
to choose one that suits their need. Ionic liquids are said to be one of the key media
that might revolutionize synthetic chemistry, towards greener methodologies.27
However, there is more to ionic liquids than their headline “green” properties. The
charged nature of ionic liquids means that they stabilize charged ions over neu-
tral molecules, making them the ideal solvent for electrolytes in electrochemical
devices.28 Their miscibility or immiscibility with water, with other solvents and
with each other are dependent on which cation and anion they consist of, which
make them useful for biphasic catalysis.29 Their high vicosities, a problem in most
processes, make them very good lubricants, which are useful in the pretreatment of
biomass.30,31 Furthermore, the alkyl branch of the cation can be modified to contain
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functional groups that would interact specifically with the solutes, for example, -OH
and -NH2 would increase hydrogen bonding, while -SO3H would increase the acidity
of an ionic liquid.32 While research in ionic liquids has boomed over the last two
decades, it is still challenging to predict how a particular reaction would behave in
a particular ionic liquid, because ionic liquids have varying properties. In fact, re-
search into ionic liquids has been on a case-by-case trial basis, until a suitable ionic
liquid is found. However, thanks to much dedication and hard work of researchers
around the world, ionic liquids have found uses across many discipline.33
In addition to their use as solvents, nowadays many ionic liquids are dually used
as reagents or catalysts. This thesis concentrates on two classes of ionic liquid
that fit this description. Firstly, acidic ionic liquids, whose acidity is carefully mea-
sured (chapter 2). Secondly, nucleophilic ionic liquids, whose structure is studied
(chapter 4) and mode of action is investigated (chapter 3).
1.3. Synthesis of ionic liquids
In contrast to molecular solvents, which may be extracted directly from nature
(e.g. methanol, ethanol or petrolium spirit) or synthesized cheaply (e.g. acetone),
the synthesis of ionic liquids is much more expensive. Because of the complex
structure of the ions in ionic liquids, the starting materials are themselves expensive.
Futhermore, the process of synthesizing and purifying ionic liquids, ironicly, requires
exhaustive use of molecular solvents. There have been studies on the overall greeness
of ionic liquids.34,35 It was concluded from these papers that most ionic liquids are
still too expensive for industrial applications. Nevertheless, with more research, the
cheap mass production of ionic liquids could soon be possible.
There are many different synthetic routes to ionic liquids, some have been optimized
and standardized, some are innovative and specific to particular classes of ionic
liquids. Only methods that were used to synthesize the ionic liquids present in this
thesis will be listed.
1.3.1. Acid - base reaction
Acid-base neutralisation is the quickest and cheapest way to make ionic liquids.
However, it is limited to one type of ionic liquids, protic ionic liquids, i.e. the het-
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eroatom (N, P or S) of the cations is charged by protonation.
The ionic liquid is formed when a base reacts with an acid, just as a normal inorganic
acid-base reaction (eqn. 1.3.1 ) . The H+ is transfered from the acid to the base;
the base becomes positively charged and the acid anion becomes the anion of the
ionic liquid. The coulombic attraction between the product cation and the anion is
the driving force of the reaction.
B + AH −→ BH+ + A− (1.3.1)
This process is not only fast but is also relatively clean compared to other methods.
The reactions can be carried out neat, for example, the synthesis of 1-butylimidazolium
hydrogensulfate ([HC4im][HSO4]) is carried out by reacting neat 1-butylimidazole
with 97% H2SO4 (Fig. 1.3). However, most often it is carried out in water, since
both the acid and base dissolve well in water. The presence of water cools down
the exothermic heat coming out from the exothermic reaction, making the reaction
easier to control. An extra drying step is required if the reaction is carried out in
water.
N
N Bu + H2SO4
HN
N Bu HSO4-
neat
1-butylimidazole [HC4im][HSO4]
Figure 1.3.: Synthesis of 1-butylimidazolium hydrogensulfate by acid - base reac-
tion
This method has been applied in the synthesis of hydrogensulfate ionic liquids, which
are used in biomass pretreatment;30 and chloride ionic liquids, which can be used
as a precursor in the synthesis of other ionic liquids (see sec. 1.3.3).
However, this method is not applicable to synthesis of ionic liquids with highly
delocalised anions such as [NTf2]
− or [OTf]−, because the reaction between HNTf2
or HOTf with a base is too exothermic to control.
33
1.3 Synthesis of ionic liquids
1.3.2. Direct alkylation
This method is used to produce aprotic, alkylated cations using alkylating agents.
It is applied in the synthesis of alkylsulfates36 and dialkylphosphates.37 The most
popular alkylating agents are dimethyl sulfate, Me2SO4, and trimethyl phosphate,
Me3PO4. Examples are shown in Fig. 1.4. The advantage of this type of reactions
is that they are cheap and halide free. However, alkylating agents are carcinogenic
so require great care from the user.
N
N Bu + Me2SO4
N
N Bu MeSO4-
1-butylimidazole [C4C1im][HSO4]
(a) Alkylsulfates
N
N Bu + Me3PO4
N
N Bu Me2PO4-
1-butylimidazole [C4C1im][Me2PO4]
(b) Alkylphosphates
Figure 1.4.: Synthesis of alkylsulfates and alkylphosphates by direct alkylation
Products of direct alkylation can also be converted to other ionic liquids by hy-
drolysis of the anions, to produce for example [C4C1im][HSO4],38 with MeOH as a
side-product that can be easily removed by evaporation.
1.3.3. Synthesis of ionic liquids via halide intermediates
This is a two-step procedure to synthesize aprotic ionic liquids with alkylated cations
and all other anions.33
Step 1: Making the halide salts In this step, a nucleophilic substitution reaction
occurs between a nitrogen base and an alkyl halide, with the base acting as the
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nucleophile. The resulting product incorporates an alkylated cation with the halide
as the anion. For example:
C1im + CH3CH2CH2CH2Cl −→ [C4C1im]Cl
This reaction is usually carried out in ethyl acetate, which dissolves the starting ma-
terials but has low solubility for the ionic product. The driving force is the coulombic
attraction between the oppositely charged ions. However, the high activation en-
ergy of nucleophilic substitution reaction means that the reaction is relatively slow.
Dependent on the halide and the strength of the base as a nucleophile, the time
taken for completion may be a few hours up to a few weeks. Stronger bases, e.g.
pyrrolidine over imidazole, would react faster; and better leaving groups, e.g. iodide
over chloride, would cleave off faster. Due to the high hygroscopic nature of halide
ionic liquids, these reactions have to be operated under dry condition at all times.
Step 2: Metathesis - exchange of anions Once the halide salt is formed, it is
reacted with the lithium salt of the required anion. An exchange of anion will pro-
duce the required ionic liquid and LiCl. This step is usually done in dichloromethane
(DCM). The driving force of the reaction is the formation of the highly stable LiCl
which precipitates out of DCM.
[C4C1im]Cl + LiNTf2 −→ [C4C1im][NTf2] + LiCl
The advantage of the halide intermediate route is that it is applicable to most ionic
liquids and is able to produce very high purity ionic liquids. It is also the sole method
for synthesizing some ionic liquids, such as [NTf2]
− and [OTf]− ionic liquids. The
disadvantage is the cost of materials and the long procedures. The atom economy is
also poor, with the waste of one molecule of LiCl for each molecule of ionic liquid.
1.3.4. Purification of ionic liquids
Ionic liquids are almost always colourless in their pure form. However, most ionic
liquids when produced have colours, from light yellow to dark brown, or even bright
red. Prolonged heating of an ionic liquids also leads to colouring. While this might
or might not affect industrial processes,39,40 it is desirable to have colourless and
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high purity ionic liquids for analytical purpose. Some popular contaminants and
their removal methods are listed below.
Excess starting materials These are typically excess base such as imidazole or
pyrrolidine, excess alkylhalides from the halide intermediate route, and excess alky-
lating agents in the direct alkylation route. Alkylhalides can be easily distilled off
under vacuum without much trouble. Excess bases and alkylating agents must be
removed by washing with ethyl acetate. For extra purity, the ionic liquid products
can be recrystalized from acetonitrile and filtered from the reaction mixture.
Colour contaminants Colour could be the result of several things, for example
the decomposition of the ionic liquid, the presence of trace molecular solvents, or
halogens. To remove colour, the coloured ionic liquids are mixed with activated
charcoal, stirred overnight and filtered. If the ionic liquids are too viscous, they can
be diluted in another solvent, stirred with activated charcoal and filtered, afterwhich
the solvent can be removed in vacuo.
Acid or base contaminants Any excess of acid or base can be removed by filtering
the ionic liquids through alumina powder. Excess acid is removed by basic alumina;
and excess base is removed by acidic alumina.
1.3.5. Other synthesis routes
There are lots of innovative ideas for synthesizing ionic liquids, towards greener
solutions e.g. less solvent, faster reaction, or halide-free. They will not be explained
here in detail, but it is worth mentioning their names. They are: ion exchange
with silver salts,41 ion metathesis with ion exchange resins42 and methyl carbonate
route.43,44
1.4. Polarity of ionic liquids and the Kamlet-Taft
parameters
The constitution of ionic liquids, being made entirely of ions, means that ionic
liquids are polar solvents. Polarity underlies many properties of solvents such as
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melting point, boiling point, surface tension, and the stability of dissolved chemicals.
To express polarity, the most popular scales for ionic liquids are the Kamlet-Taft
solvent parameters.45–47 Throughout this thesis, the use of Kamlet-Taft parameters
to express properties of ionic liquids will appear frequently, thus an introduction to
the Kamlet-Taft parameters is necessary and will be discussed here.
There are three parameters quoted in each Kamlet-Taft measurement: pi∗, α and
β. These three parameters describe three properties of the solvents: pi∗ repre-
sents the polarisability, α represents the hydrogen-bond acidity and β represents
the hydrogen-bond basicity. These three parameters are determined experimentally
by the use of three chemicals: N,N -diethyl-4-nitroaniline (Fig. 1.5), 4-nitroaniline
(Fig. 1.7), and a complex molecule called Reichardt’s dye (Fig. 1.8). All three absorb
strongly in the UV-vis region. Furthermore, each one is sensitive to one particular
aspect of the solvent. The values of their λmax, the wavelengths at which the maxi-
mum absorbance is found, are finely tuned to the effect of the surrounding solvent
molecules.
1.4.1. Polarisability (pi∗)
NEt2
N
O O
Figure 1.5.: N,N -diethyl-4-nitroaniline
Polarisability of the solvent is measured by N,N -diethyl-4-nitroaniline (Fig. 1.5).
This dye is easily polarised and has no hydrogen-bond donating ability. It has some
hydrogen-bond accepting ability from the nitro group; however it is weak and can be
neglected. Upon exposure to UV light, the dye is promoted from its ground state to
an excited state by a pi-pi∗ transition. The excited state is more polar than the ground
state, which means that in more polar solvents, the excited state is more stable, the
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ground state is more unstable and the energy gap between the ground state and
the excited state is smaller (Fig. 1.6). This is reflected in a positive solvatochromic
shift of λmax i.e. λmax increases with increasing polarity of the solvents. DMSO
and cyclohexane are used as standards in the calculation of pi∗. The formula for
calculation of pi∗ is shown in eqn. 1.4.1. This formula gives DMSO a pi∗ of 1 and
cyclohexane a pi∗ of 0.
pi∗ = νsolvent − νcyclohexane
νDMSO − νcyclohexane (1.4.1)
where ν is the wavenumber of the λmax, equal to 1/λmax.
∆E ∆E
Non-polar
Small λmax
Polar
Large λmax
Excited state
Ground state
Figure 1.6.: N,N -diethyl-4-nitroaniline energy profile in polar and non-polar sol-
vents
1.4.2. Hydrogen-bond basicity (β)
4-nitroaniline is sensitive to both polarisation and the hydrogen-bond basicity (HBD)
of the solvents (Fig. 1.7). The structures of 4-nitroaniline andN,N -diethyl-4-nitroaniline
are similar. Therefore assuming that they are equally sensitive to polarisation, the
pi∗ factor can be subtracted to give the β value. The wavenumber due to β can be
calculated using eqn. 1.4.2.
ν = ν4-nitroaniline − νN,N -diethyl-4-nitroaniline (1.4.2)
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Figure 1.7.: 4-nitroaniline
Originally, hexamethylphosphoramide (HMPA) and cyclohexane were used as the
standards in the calculation of β. However, as HMPA is unstable, DMSO was later
chosen as the upper standard, which introduced the 0.76 factor in the calculation of
β value (using HMPA as standard, DMSO has a β value of 0.76). The formula for
β is shown in eqn. 1.4.3
β = 0.76× νsolvent − νcyclohexane
νDMSO − νcyclohexane (1.4.3)
1.4.3. Hydrogen-bond acidity (α)
The α value is obtained using Reichardt’s dye (RD), systematic name 2,6-diphenyl-
4-(2,4,6-triphenylpyridinium) phenoxide. Reichardt’s dye responds to both the po-
larisability and the hydrogen-bond acidity (HBA) of the solvents (Fig. 1.8). It is
actually the dye used in another polarity scale called ET(30).48 ET(30) is calculated
as follows:
ET (30) =
28591
λmax(RD)
(1.4.4)
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Figure 1.8.: Reichardt’s dye
The polarisability is subtracted in a similar way to β, usingN,N -diethyl-4-nitroaniline.
Obviously, the structure of Reichardt’s dye is significantly more different to N,N -
diethyl-4-nitroaniline than 4-nitroaniline. However, it is the closest structure to
N,N -diethyl-4-nitroaniline that is a good hydrogen-bond acceptor and still UV ac-
tive. To correct for this difference, a regression on existing data of ET(30) values and
pi∗ was performed by Marcus,48 to produce the following formula for the calculation
of α:
α = 0.0649ET (30)− 2.03− 0.72pi∗N,N -diethyl-4-nitroaniline (1.4.5)
1.4.4. Kamlet-Taft values for ionic liquids
Table. 1.2 lists the Kamlet-Taft values for selected ionic liquids, measured using the
three dyes mentioned above.
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Table 1.2.: Kamlet-Taft values of selected ionic liquids
Ionic liquids α β pi∗ References
[C4C1im][BF4] 0.77 0.39 1.04 49
[C4C1im][NTf2] 0.72 0.24 0.9 50
[C4C1im][PF6] 0.68 0.21 1.02 49
[C4pyr][NTf2] 0.64 0.12 0.82 51
[C4C1im][OTf] 0.62 0.49 1.00 52
[C4C1im][MeSO4] 0.53 0.66 1.06 52
[C6C1im]Cl 0.48 0.94 1.02 49
[(HO)3(HO)2C3C1im]Cl 1.12 0.99 0.82 53
It can be seen that ionic liquids are highly polar, with pi∗ values around 1, more or
less similar to DMSO.
While pi∗ has contributions from both the cation and the anion; α and β have more
biased contributions from the ions. Due to the charges, the hydrogen-bond acidity,
α, comes mostly from the cation, while the hydrogen-bond basicity, β, comes from
the anion. This is the advantage of using the Kamlet-Taft scale in ionic liquids;
α and β can be quoted to describe cations and anions separately. However, these
two values are not entirely independent. Two ionic liquids with the same cation
might have different α values. This happens because the anion can compete with
the Reichardt’s dye molecule to form hydrogen-bonds with the cation. Vice versa,
the cation can alter the β values by competing with 4-nitroaniline to form hydrogen-
bonds with the anion.
Further insight into the polarity of ionic liquids can be found in Welton’s paper.52
This paper also includes the most up-to-date database of Kamlet-Taft values for
ionic liquids.
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Acidity measurement of ionic liquids
2.1. Introduction
Acidity is one of the most important parameters for many industrial processes; it
directly affects the rate, yield and selectivity of chemical reactions. Pure acids have
many forms, from gaseous inorganic acids (e.g. HCl, HF), liquid acids (e.g. acetic
acid), solid acids (e.g. phosphoric acid), to solid-bound acids (e.g. zeolites with
acid moieties attached to the surface). Most commonly, these acids are dissolved
into water or molecular solvents to catalyze reactions. As the popularity of ionic
liquids as solvents increases, several groups have explored the possibility of using
ionic liquids as solvents for acid.
Acidic or acidified solutions of ionic liquids have been greatly used since their in-
troduction. Chloroaluminates were the first ones to emerge and received a lot of
interest, since they provided extremely acidic, dual solvent-catalyst environments.
They were able to catalyze C-C bond forming reactions, such as the Friedel-Crafts
alkylation of benzene with halogenoalkanes,54 or arene alkylation with alkenes.55,56
However, the extreme moisture sensitivity of these ionic liquids has moved inter-
ests towards more water-stable ionic liquids, such as [CnC1im][NTf2], [CnC1im][BF6]
or [CnC1im][PF6]. Since these ionic liquids are not usually intrinsically acidic, they
have been investigated first with the addition of Brønsted acids,57 and then with the
incorporation of the acid moieties into the ionic liquids themselves.58 More recently,
ionic liquids generated through the addition of Brønsted acids and Brønsted bases
have been used. The resultant protic ionic liquids have their acidity dependent on
the strength of the acids and bases employed.59
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In response to the growing application of ionic liquids in acid-catalyzed reactions, it
is desirable that the acidity of these ionic liquid solutions is measured in a quanti-
tative manner. This is the focus of this chapter.
2.2. Definition of acidity
2.2.1. Brønsted-Lowry theory
The Brønsted-Lowry acid-base theory, proposed by Johannes Nicolaus Brønsted
and Thomas Martin Lowry60,61 in 1923, is the most well-known concept of acids
and bases. In this theory, an acid is defined as a molecule or an ion that can donate
a hydrogen cation (proton, H+) while a base is one that can accept a proton. Upon
reacting with each other, a proton is transfered from the acid to the base.
acid + base
 conjugate base + conjugate acid
An example of an acid-base reaction:
HCl + H2O→ Cl− + H3O+
HCl is the acid and H2O is the base, thus the transfer of a proton H+ from HCl to
H2O. It follows that each Brønsted acid has a corresponding conjugate base, and
each Brønsted base has a conjugate acid. A conjugate base is the product resulting
from the loss of a single proton from the acid. In the example above, Cl− is the
conjugate base of HCl. Similarly, H3O+ is the conjugate acid of H2O. A molecule can
be amphoteric, meaning it can act as both acid and base, and has both a conjugate
acid and a conjugate base. For example, H2O acts as a base in the presence of
CH3COOH, while acts as an acid in the presence of NH3:
CH3COOH + H2O→ CH3COO− + H3O+
NH3 + H2O→ NH+4 + OH−
The strength of an acid (AH) in a particular solvent (S) is determined by its disso-
ciation into HS+ and its conjugate base (A−). In water, strong acids such as HCl
readily dissociate, while weak acids such as CH3COOH only partially dissociate.
43
2.2 Definition of acidity
The dissociation constant, pKa, is a quantitative measurement of the strength of
acids:
AH + S −−⇀↽− HS+ + A−
Ka =
[A−][HS+]
[AH]
pKa = − log(Ka) (2.2.1)
Thus the stronger an acid, the more negative its pKa value. It follows that if AH is a
strong acid, it would equally mean that A− is a weak base. It is popular in literature
to express the strength of bases using the pKa values of their conjugate acids. A
strong base would have a weak conjugate acid, thus a higher (more positive) pKa.
For example, the very strong base NH−2 (conjugate acid NH3) has pKBH+ of 38 ,
while the weaker base NH3 (conjugate acid NH+4 ) has pKBH+ of 9.4.
2.2.2. Lewis theory
At the same period as Brønsted and Lowry, another definition of acids and bases
was introduced by Gilbert N. Lewis.62 In this theory, instead of following the loss
and gain of protons, it is the transfer of a pair of electrons that defines Lewis acids
and Lewis bases. A Lewis acid accepts a pair of electrons, and a Lewis base donates
an electron pair. Consequently, Lewis acids must be in possession of an available
orbital, while Lewis bases must be in possession of an accessible lone pair. An
example of a Lewis acid-base reaction is shown below:
F3B + : NH3 → F3B : NH3
acid + base→ Lewis adduct
Boron in BF3, having an empty p-orbital, acts as a Lewis acid and accepts the
lone pair from :NH3. A Lewis adduct is formed that contains a covalent bond
shared between B and N. Other examples of Lewis acids include proton H+, other
trigonal planar molecules of group III elements (e.g. BH3, AlCl3) and metal ions
(e.g. Al3+, Mg2+). Other examples of Lewis bases include amines, phosphines, H2O,
and transition metal complex ligands (e.g. halogen anions, CO, CN− ).
In relation to Brønsted theory, many Lewis bases can act as Brønsted bases i.e.
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they can accept a proton. However, other Lewis bases readily donate electrons to
Lewis acids, such as CO to transition metal ions, but have no Brønsted basicity at
all. Most Lewis acids on the other hand have no protons to act like Brønsted acids.
However, metal ions can produce H+ in aqueous solution; for example:
Al3+ + 6H2O→ [Al(H2O)4(OH)]2+ + H3O+
In this work, I will mainly focus on acids that fit the Brønsted-Lowry description.
2.3. Measuring acidity, pH and its limitation
Moving on to methods of measuring the acidity of solutions, it is essential to mention
the pH scale. It is widely used in medicine, biology, food manufacturing, chemical
engineering and many other industries. Even without any deep knowledge of chem-
istry, most people would understand what a pH value tells about a solution; that
the lower the value, the more acidic a solution; and that in aqueous solutions a pH
< 7 means acidic, while a pH > 7 means alkaline. In this section, how pH values
are measured is discussed.
pH is defined as63:
pH = − log(aH+)
where aH+ is the hydrogen ion activity, it is defined as:
aH+ = γH+ [H+]
where γH+ is the activity coefficient of the hydrogen ions and [H+] is their concentra-
tion. In infinitely dilute solution, γ is equal to unity, making aH+ equal to [H+]. In
non-ideal solutions, such as at high concentration of solutes, γ deviates from unity
to account for the interactions between solute molecules. Most of the time, pH is
used to measure dilute solutions, so a direct relation to [H+] can be used:
pH = − log[H+]
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2.3.1. Measuring pH in water
pH is most commonly used to express the acidity of aqueous solutions. In water, an
acid (AH) protonates water as follows:
AH + H2O
 A− + H3O+
Strong acids, such as H2SO4 or HCl, completely dissociate to H3O+ and A-, making
pH = − log[AH]. For weak acids, such as acetic acid, an equilibrium exists; pH then
depends on the dissociation constant Ka as well as the concentration of the acids
(see page 44 for definition of Ka and pKa).
Equation 2.2.1 can be rearranged to calculate pH as shown in eqn. 2.3.1 (also called
the Henderson–Hasselbalch equation64,65).
pH = pKa − log
(
[AH]
[A−]
)
(2.3.1)
Approximate measurements of pH can be obtained by using colour indicators, such
as methyl orange and phenolphthalein, or by using pH papers. Indicators are usually
weak acids or bases, and have two different colours in their acid and basic forms. A
general reaction scheme can be formulated as follows:
HIn + H2O
 In− + H3O+
where HIn is the acid and In− is the conjugate base forms of the indicator. The pKa
of the indicator defines the pH range that it can work at. Similar to eqn. 2.3.1:
pH = pKHIn − log
(
[HIn]
[In−]
)
Thus at pH < pKa, the indicator will be dominant in its HIn form, while at pH >
pKa, the indicator would change to its In− form. Indicators are very popular in
titration, due to the ease of visualisation. There are indicators that cover the whole
pH 0-12 range.
A more precise method of measuring pH is to use electrochemical measurements.
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Electrode potential is proportional to pH according to the Nernst equation:
E = E0 +
RT
F
ln(aH+) = E0 − 2.303RT
F
pH (2.3.2)
where E is the electrode potential of the measured solution, E0 is the standard
electrode potential (defined as 3M KCl in aqueous solution), R is the gas constant,
T is the temperature in Kelvin, F is the Faraday constant. ∆E is obtained by
measuring the electro motive force (e.m.f) that occurs when a reference electrode
(AgCl) immersed in standard solution (3M KCl solution) is connected to a Pt/H2
electrode immersed in the measured solution.
Reference electrode | 3M solution of KCl || test solution | H2| Pt
However, it is not practical to build a cell like this every time pH is measured. Instead
of the cumbersome H2/Pt electrode, modern pH meters use a glass electrode to
detect H+. These electrodes have an internal reference solution built in. A diagram
of a typical pH meter is shown in Fig. 2.1. Protons from the measured solutions
absorb and charge the glass bubble head, resulting in a potential difference between
the wire inside the bubble head, and the wire in the reference internal solution.
Before use, these electrodes are first calibrated with two standard buffer solutions
with known pH (usually 4 and 7, or 7 and 10). Since ∆E is directly proportional
to pH according to eqn. 2.3.2, a plot of ∆E against pH produces a straight line.
The electrode potentials of the unknown solutions are then measured, and their pH
values can be read off the line.
Figure 2.1.: A diagram of a glass pH meter
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With the availability of pH papers, colour indicators and pH meters it is no surprise
that pH is the most practical way to measure acidity in aqueous solutions.
2.3.2. Autoprotolysis of solvents - the reason why pH values of
neutral solutions are different in different solvents
In the absence of acids and bases, autoprotolysis of some solvent molecules occurs
to produce protons. In water:
H2O −−⇀↽− H+ + OH−
The density of pure water is 1000g/l; which means that its concentration at pure
condition is equal to 55.6molL−1. The equilibrium constant of the reaction above is
10−15.75:
Ka =
[H+][OH−]
[H2O]
= 10−15.75
Since there are no other acids or bases, [H+] and [OH−] are equal. The equation
above can be rearranged to:
[H+] =
√
Ka[H2O]
=
√
10−15.75 × 55.6
= 10−7
Thus pH of neutral water is:
pH = − log [H+] = 7.0
It follows that neutral pH values are different in different solvents; because the
concentration of protons produced by autoprotolysis is dependent on the solvent
pKa values as well as their concentrations in pure conditions. For example, in pure
ethanol, [H+] is equal to 1.58×10−10molL−1; so ethanol is neutral at pH 9.8. Hence,
pH values measured in different solvents are non-comparable.
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2.3.3. Limitation of pH
pH is limited to aqueous solution. Even though pH scales in molecular solvents are
available,66 pH values across different solvents are non-comparable. Furthermore, in
water, all of the pH measurement methods mentioned above require the solutions to
be ideal. Even pH electrodes, which in theory measure the activity of the protons
directly, are set up to measure dilute solutions only (the glass bubble head of the
electrodes get dehydrated and break down in concentrated solutions). The available
scale of pH in water is therefore limited to 0-14, beyond these values the counter
ions of H+ and OH− become too concentrated and start to interact with each other,
rendering the solution not ideal.
In this work, the aim is to measure the acidity of ionic liquids, which by nature are
not aqueous, therefore pH cannot be employed. Thus a more advanced and universal
method to measure acidity is required.
2.4. Hammett acidity function
2.4.1. The Hammett H0 function
To circumvent the limitations of pH, a different approach to acidity was established
by Hammett and Deyrup in 1932.4 Hammett proposed that since the true acidity
of a solution lies in its ability to protonate a basic species, the extent of protonation
of a base could be used as an indicator of how acidic a solution is. Using base B as
the probe,
B + H+ 
 BH+
Assuming the solvent is dissociating with regards to the base, the Hammett acidity
function is defined as {n.b., the analogy to the Henderson–Hasselbalch equation of
pH (eqn. 2.3.1)}:
H0 ≡ pKBH+ − log

[
BH+
]
[B]
 (2.4.1)
in which pKBH+ is the pKa of the conjugate acid of the probe base (referred to ideal
dilute solution in water), and [BH+] and [B] are the concentrations of the base in
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its protonated and unprotonated forms. The “0” subscript of H0 denotes the charge
of the probe bases, there exist analogous H+ and H− functions where charged bases
are used.
BH+ + H+ 
 BH2+; H+ = pKBH2+ − log
(
[BH2+]
[BH+]
)
B− + H+ 
 BH; H− = pKBH − log
(
[BH]
[B−]
)
However, while the H0 function has been extensively studied, there are still very few
studies on the H+ and H− series, probably due to the lack of bases. A few examples
are papers by Schwarzenbach and Sulzberger,67 Schaal68 for H− and Brand for H+.69
NH2
NO2
Figure 2.2.: An example of Hammett’s base, 4-nitroaniline
Hammett employed a series of nitroanilines and their derivatives to act as probes to
measure acidity. These are similar in their high UV absorbancy. Fig. 2.2 shows an
example of a Hammett base. These nitroanilines are very weak bases, with pKBH+
values from 1 to -11 (n.b., bases with conjugate acids with more negative pKa
values are less basic, see sec. 2.2 - Brønsted-Lowry theory), thus they are capable
of measuring the acidity of very acidic solutions. The reason these nitroanilines
are such weak bases is due to the highly electron-withdrawing nitro group on the
benzene ring, making the lone pair on the NH2 less basic. All Hammett bases have
at least one nitro group. Other ring substituents such as chloro, bromo or additional
nitro groups decrease the pKBH+ values of the bases, while methyl groups increase
them. Different combinations of these substituents produce bases with different
pKBH+ values.
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2.4.2. How does Hammett H0 relate to pH?
The H0 function is meant to extend the pH scale to superacidic aqueous and non-
aqueous solutions. Eqn. 2.4.1 is also equivalent to:
H0 = − log
(
aH+,aq
)
− log
(
γB
γBH+
)
− log
(
ΓB
ΓBH+
)
(2.4.2)
where aH+ is the activity of H+, γB and γBH+ are the molar activity coefficients of
B and BH+ and ΓB and ΓBH+ are their transfer activity coefficients70 from water
to solvent S (Mathematical proof for the transformation from equation 2.4.1 to
equation 2.4.2 can be found in the appendix). As the solution approaches infinite
dilution, the molar activity coefficients of all species approach unity (γB, γBH+ and
γH+w 1). When S is water (ΓB and ΓBH+ =1), H0 is identical to pH. When S is
not water, assuming that the solvation energy gained or lost in transferring from
water to solvent S is the same for both B and BH+ i.e. the ratio ΓBΓBH+ is equal to
unity, then H0 is also equal to pH. This assumption is hard to meet, however, if all
the Hammett bases used are similar in structures, it can be safely assumed that the
ratio ΓBΓBH+ is the same for all bases, resulting in a small but constant shift in H0.
2.4.3. Measurement of H0
The measurement of H0 has two parts, the determination of [
BH+]
[B] and the measure-
ment of pKBH+ .
2.4.3.1. Determination of [BH
+]
[B]
Hammett bases satisfied two requirements for a probe, first they are weak enough
bases to be only partially protonated by strong acids, second their concentrations
are easily monitored by UV spectroscopy. According to the Beer-Lambert law, as
long as the concentration of a chromophore is lower than a certain threshold, its
absorbance at any wavelength is directly proportional to its concentration, as shown
in eqn. 2.4.3. So any change in concentration is directly reflected in the change of
absorbance.
A = × c× l (2.4.3)
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where A is the absorbance, epsilon  is the extinction coefficient of the chromophore
(mol−1Lcm−1), c is its concentration (molL−1) and l is the pathlength of the cuvette
(cm).
A typical UV spectrum of a UV active species is shown in Fig. 2.3. The two most
important features of a spectrum are the lambda max (λmax), the wavelength at
which the extinction coefficient  is maximum, and the absorbance A.
Figure 2.3.: An example of a UV spectrum with λmax noted (4-nitroaniline in
DCM)
When Hammett bases are partially protonated, there are two peaks present in the
UV spectrum, one due to B and one due to BH+. Fig. 2.4 shows an example of the
absorbance of 4-nitrotoluene in pure sulfuric acid. The majority of Hammett’s bases
have absorbances due to B at longer wavelength than absorbances due to BH+. As
the solutions become more acidic, the peak for B becomes less intense while BH+
becomes more intense. Generally, it is easier to monitor the loss of B than the gain
of BH+, since the peak of B lies completely in the UV range while usually only part
of BH+ is observable. Any wavelength at higher wavelength than λmax,B can be used
to monitor the concentration of B present in the solution (assuming that at these
wavelengths BH+ is negligible).
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Figure 2.4.: UV spectrum of 4-nitrotoluene in neat H2SO4
By means of two reference solutions, in which the base is completely unprotonated
and completely protonated, the ratio of [BH
+]
[B] can be calculated. If the same con-
centration of the probe base was added to three solutions, A0 is the absorbance
of the unprotonated solution, A+ is the absorbance of the completely protonated
solution and A is the absorbance of an unknown solution; then the ratio [BH
+]
[B] of
the unknown solution with absorbance A would be equal to:[
BH+
]
[B] =
A0 − A
A− A+
However, due to the limits of the maximum absorbances that can be measured by
modern machines, sometimes it is not possible to get absorbance values for the same
concentration of bases in all of these solutions. It is easier to have freedom in the
concentration of the base and use the effective epsilon values in place of absorbances.
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Similarly to eqn. 2.4.3, effective epsilon is equal to:
 = Absorbance
concentration× pathlength
 = Absorbance([B] + [BH+])× pathlength
Since the effective epsilon is calculated by dividing absorbance due to B over both
([B] + [BH+]), it accounts for the loss of B due to conversion to BH+. Since A and
 are proportional, if 0 is the epsilon when the base is completely unprotonated, +
is the epsilon when the base is completely protonated, then the ratio of [BH
+]
[B] of an
unknown solution with epsilon  is equal to:[
BH+
]
[B] =
0 − 
− +
Since 0 and + are necessarily measured in solutions of different compositions from
the test solution, there is a danger of spectral shifting of the whole spectrum, due
to medium effects not related to acidity. Hammett and Deyrup reported these
observations in their papers.4 One way to minimize this effect is to measure 0 and
+ in solutions of as close a composition to the test solution as possible; this was how
Hammett carried out his measurements.4 While this method is likely to be the most
accurate, in practice it is extremely time-consuming, because the only way to find
the ideal reference solutions is to measure the absorbances at a chosen wavelength in
several different acidities until saturation in the extinction coefficient is found. This
method was evaluated by Hammett, Flexers and then later by Gold.71,72 A simpler
method is to measure 0, + and  at exactly the λmax of the unprotonated base
(as employed by Braude1 or Tickle73), which may move as the composition of the
solution changes, but here it can be safe to assume that the extinction coefficient of
the unprotonated base is the same across different solutions. In this study, the later
method is employed. Once 0, + and  are found, H0 can be calculated as:
H0 = pKBH+ − log
(
0 − 
− +
)
(2.4.4)
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2.4.3.2. The development of the pKa scale of Hammett bases
The next important parameter in calculating H0 is the pKBH+ of the Hammett bases.
Even though these are constants that can be used again and again once they are
established, one ought to understand how they were measured in the first place. As
mentioned before, pKBH+ is the dissociation constant of the conjugate acid of the
base, in ideal dilute aqueous solution, and is defined as
pKBH+ = − log
(
aB × aH+
aBH+
)
= log
(
[BH+]
[B][H+]
)
− log
(
γB × γH+
γBH+
)
− log
(
ΓB
ΓBH+
)
(2.4.5)
Step 1: Obtaining pKBH+ of the strongest base in Hammett’s series, 4-nitroaniline,
in water In all solutions, the bases are always added at exceedingly low concen-
trations. Thus at low concentration of acids, the activity coefficients of the base
molecules are equal to unity, canceling the second log term of eqn. 2.4.5. Further-
more, as the measurement took place in aqueous solution, the Γ terms are also equal
to unity, making pKBH+ equal to:
pKBH+ = log
(
[BH+]
[B][H+]
)
(2.4.6)
Eqn. 2.4.6 is equivalent to:
pKBH+ = lim[A]→0
(
log
(
[BH+]
[B]
)
− log[H+]
)
(2.4.7)
where [A] is the molar concentration of a strong acid A, in water. Eqn. 2.4.7 means
that one can plot
(
log
(
[BH+]
[B]
)
− log[H+]
)
against the concentrations of a strong acid
present in the solution and extrapolate to zero concentration of A to get a value for
pKBH+ .
Since A is a strong acid, it completely dissociates into H+ and protonates B into
BH+. The concentration of acid added is therefore equal to:
[A] = [H+] + [BH+]
Thus once the ratio of [BH
+]
[B] is known (by methods described in the previous sec-
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tion) then [H+] and
(
log
(
[BH+]
[B]
)
− log[H+]
)
can be worked out also. Starting with
4-nitroaniline as the strongest base in the Hammett series, whose
(
[BH+]
[B]
)
can be
measured in dilute aqueous solution, Paul2 and Braude1 used hydrochloric acid so-
lutions of up to 2M to obtain its pKBH+ value. H2SO4 was not chosen because
of the complications that arise from the second ionization of H2SO4. Plotting of(
log
(
[BH+]
[B]
)
− log[H+]
)
against [HCl] appeared to give a straight line (Fig. 2.5), al-
lowing precise extrapolation to pKBH+ values of 0.99 by Paul and 0.98 by Braude.
In the original paper, Hammett did not find the pKBH+ of 4-nitroaniline; he used
an average of all the values that were available in the literature at the time, which
was 1.40.4 The work by Paul and Braude was meant to revise this value, and nowa-
days a value of 1.00 is agreed to be the most representative value for the pKBH+ of
4-nitroaniline.73
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Figure 2.5.: Plot for determination of pKBH+ of 4-nitroaniline in hydrochloric acid
solutions. # Braude,1  Paul.2 Image taken from a review by Paul and Long3
Step 2: Stepwise procedure to obtain the pKBH+ of other bases from the
pKBH+ of 4-nitroaniline While it was possible to monitor the stronger bases such
as 4-nitroaniline in dilute aqueous solution, the ratio of [BH
+]
[B] becomes miniscule
for the less basic bases, making it impossible to obtain any accurate pKBH+ value
by physical measurements. A step-wise approach is needed to obtain the pKBH+ of
other bases. If two Hammett bases B and C were used to measure the same acidic
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solution, then from eqn. 2.4.5:
pKCH+ − pKBH+ = log
(
[CH+]
[C][H+]
)
− log
(
γC × γH+
γCH+
)
− log
(
ΓC × ΓH+
ΓCH+
)
− log
(
[BH+]
[B][H+]
)
+ log
(
γB × γH+
γBH+
)
+ log
(
ΓB × ΓH+
ΓBH+
)
= log
(
[CH+]
[C]
)
− log
(
[BH+]
[B]
)
− log
(
γCγBH+
γBγCH+
)
− log
(ΓCΓBH+
ΓBΓCH+
)
(2.4.8)
If the bases have similar structures, then it is reasonable to assume that the last two
terms on the right of eqn. 2.4.8 can be neglected, since the activity coefficients (γ
and Γ) for C will be similar to B, and for CH+ will be similar to BH+. Hammett
stated that, given that B and C have sufficiently close pKBH+ values that they can
be used to measure the same medium, then their differences were related to their
ion ratios as follows:
pKCH+ − pKBH+ = log
(
[CH+]
[C]
)
− log
(
[BH+]
[B]
)
(2.4.9)
By this step-wise method, from a single base 4-nitroaniline, Hammett was able to
establish the pKBH+ values of many nitroaniline bases. Fig. 2.6 shows the log of the
ionization ratios of all the bases overlapping and covering all of the sulfuric acid -
water mixtures, from pure water to pure H2SO4. The graph supports Hammett’s
hypothesis (eqn. 2.4.9), since most of the lines align parallel to each other. The bases
that were off the trend were bases 7-12, which covered the concentrations of sulfuric
acid from 60 to 80%. This was explained by Hammett that at these concentrations
of acids, the change in the medium effects between increments of concentrations was
so significant that the transfer activity coefficients and the molar activity coefficients
of two adjacent bases became too different for the last two terms of eqn. 2.4.8 to be
cancelled out.4
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Figure 2.6.: Logarithm of ionization ratios of Hammett bases in sulfuric acid-
water solutions. (1) 4-nitroaniline, (2) 2-nitroaniline, (3) 4-chloro-2-nitroaniline,
(4) p-nitrodiphenylamine, (5) 2,4-dichloro-6-nitroaniline, (6) p-nitroazobenzene,
(7) 2,6-dinitro-4-methylaniline, (8) 2,4-dinitroaniline, (9) N,N-dimethyl-2,4,6-
trinitroaniline, (10) benzalacetophenone, (11) β-benzoylnaphthalene, (12) p-
benzoylbiphenyl, (13) 6-bromo-2,4-dinitroaniline, (14) anthraquinone, (15) 2,4,6-
trinitroaniline. Image taken from Hammett’s paper4
Hammett laid down the first foundation of a truly robust acidity scale. Since then,
many other research groups have evaluated and expanded his procedure to measure
many more pKBH+ values.74 Hammett carried out all his measurements at 25°C,
other research groups have expanded the system to higher and lower temperatures.73
Hammett stated that eqn. 2.4.9 should be valid for water and any solvent with
high dielectric constants.4 Since then, direct use of pKBH+ values that were found in
sulfuric-water mixtures have been used to calculate H0 of other acid-water systems,
such as trifluoroacetic acid and trichloroacetic acid in water75 and other inorganic
acids in water.76 H0 were also calculated for acids in molecular solvent systems, such
as trifluoroacetic acid and methanesulfonic acid in dimethylformamide (DMF) and
in 2-pyrrolidine.77 Persuaded by the reliability of this acidity function, I chose to
employ it in measuring the acidity of my ionic liquids.
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2.5. Applying Hammett acidity function to ionic
liquids
2.5.1. Previous work on acidity of ionic liquids using H0 acidity
function
Hammett’s acidity function H0 has been used quite a lot to measure the acidity of
ionic liquids. While there are many studies, both experimental and simulation, very
few actually measured H0 for pure ionic liquid, or neat solutions of acids dissolved in
ionic liquids.33 This is because doing UV spectroscopy on ionic liquids is not at all
straightforward. The first difficulty comes from the high viscosity and colour of ionic
liquids, two obstacles to UV spectroscopy. The other difficulty concerns hydroscopic
ionic liquids, such as chloride or bromide based ionic liquids, since water has such
a powerful leveling effect on acidity that even small amounts of water would lower
the acidity of the ionic liquids significantly.
There are relatively few direct measurements of the acidity of ionic liquids in their
pure state. Most were done at high temperature to overcome the viscosity of
the ionic liquids.78 One paper reported the H0 values of solution of strong acids
(HNTf2, HOTf) in ionic liquids ([C4C1im][BF4] and [Et3NH][NTf2]).79 Most other
available data are of solutions of ionic liquids dissolved in other solvents, such as
dichloromethane32,80–83 or water.84,85 While it is probably alright to compare quali-
tatively the acidity of two different ionic liquids dissolved in a solvent using their H0
values, in many of these measurements, the concentration of ionic liquids present in
the solutions was tiny, only 5mM,80,81 which is at the same order as the Hammett
base concentration. Such dilute concentrations mean that not all of the Hammett’s
base molecules are interacting with the ionic liquid ions. Another important aspect
of concern is the leveling effect of solvents, i.e. solutions in another solvent of two
ionic liquids might have the same H0, but the original neat ionic liquids might have
different acidity. Finally, reactive ionic liquids ions such as [PF6]
− or [BF4]
− might
react with the solvents to produce acidic species (such as HF), making the H0 of the
solutions more negative than they should be.33
Hence, here the H0 values for neat ionic liquids will be measured.
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2.5.2. Overview of the difficulty of applying H0 to neat ionic
liquids
As explained earlier, H0 of an ionic liquid can be found using eqn. 2.4.4.
There are three conditions that need to be satisfied before a H0 value can be deter-
mined.
1. The non-acidic reference solvent must not protonate the base, and the acidic
reference must completely protonate the base.
2. A suitable base must be partially protonated in the ionic liquid, neither com-
pletely protonated, nor completely non-protonated.
3. The base absorbance must be outside the absorbance of the ionic liquid.
Finding a non-acidic reference was relatively simple; any molecular solvent that is
non-acidic is suitable. Dichloromethane and methanol are popular choices in the
literature, for their ability to dissolve all Hammett bases.32,80–83 With the acidic
reference, it was found that there was negligible absorbance when the bases were
completely protonated (using 97% sulfuric acid solution for all but 4-nitrotoluene,
which was assumed to behave in the same way), i.e. + ' 0. Thus this term was
subsequently neglected from the calculation of H0. A modified formula for H0 is
used:
H0 = pKBH+ − log
(
0 − 

)
(2.5.1)
Locating the right base was much more arduous, due to the lengthy trials required
to find one that satisfies criterion 2. Finally, the biggest obstacle actually lies in
criterion 3, avoiding the interference of the ionic liquid absorbance over the bases.
Many ionic liquids show broad absorbance in the UV range. Imidazolium based
ionic liquids absorb strongly in the region 200nm-300nm, and weakly at 300-500nm.
This means that while A0 in the reference solvent is due to the base only, A in ionic
liquid is the sum of both the base and the ionic liquid. Even attempts to subtract the
ionic liquid absorbance, using a blank that contains the ionic liquid with no added
base, failed to produce consistent results. This adds in to the time taken to choose
the right base, since sometimes it is unclear whether the base had protonated at
all. This method was employed by Xing,78 however, the amount of data is limited,
probably due to the absolute absorbance being unreliable as explained above.
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To circumvent this problem, instead of using just one absorbance to find the  value
for each solution, a series of spectra, varying the concentration of the bases were
measured and the effective  was subsequently deduced from the gradient of the plot
of absorbance/pathlength against concentration.
 = Absorbance
concentration× pathlength
By taking the gradient as , the errors due to the absorbance of the ionic liquid were
averaged out.
2.5.3. The ionic liquids chosen for this study
The purpose of this work is to study ionic liquids that are useful in industrial
processes and whose acidity greatly influence their effectiveness. In light of this,
hydrogensulfate anion based ionic liquids were chosen, specifically 1-butyl-3-methyl-
imidazolium hydrogensulfate ([C4C1im][HSO4]) and 1-butylimidazolium hydrogen-
sulfate ([HC4im][HSO4]) (Fig. 2.7). These ionic liquids have been proven to work
exceptionally well in biomass pretreatment.30 Their acidity has been suspected to
be one of the main reasons for their efficiency. Thus these ionic liquids were thought
to be excellent candidates to study acidity. They are intrinsically acidic, with the
pKa' 2 for [HSO4]−. To build up further acidity, mixtures of these ionic liquids
with added H2SO4 were created to produce solutions of increasing acidity.
In addition, to aid the study of the structure of chloride ionic liquids with HCl
mixtures in chapter 4, the acidity of [C4C1im]Cl + 50% HCl and [HC4im]Cl + 50%
HCl were also measured.
N N
HSO4-
(a) [C4C1im][HSO4]
HN N
HSO4-
(b) [HC4im][HSO4]
Figure 2.7.: Hydrogen sulfate ionic liquids
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2.5.4. Experimental procedures
All measurements were carried out under inert N2 atmosphere, at room temperature.
UV spectra were recorded using a Perkin Elmer Lambda 25 spectrometer. Density
measurements were recorded using an Anton-Paar densitometer. All Hammett bases
were bought from Sigma Aldrich, and used without further purification. Synthesis
of ionic liquids and their mixtures with acids can be found in the synthesis chapter.
2.5.4.1. Non-acidic reference solution
Dichloromethane (DCM) was used as the non-acidic solvent for the Hammett bases.
For each of these bases, eight data points of absorbance at λmax versus concen-
tration were gathered (see the synthesis chapter for sample preparations). A plot
of absorbance/pathlength against concentration gave a straight line with gradient
equal to 0, according to the Beer-Lambert law (see page 51).
2.5.4.2. Measurement of epsilon in ionic liquids and ionic liquid mixtures with
H2SO4
The same protocol was followed for ionic liquids and their mixtures with H2SO4.
Six data points of absorbance at λmax versus concentration were gathered (see the
synthesis chaper for sample preparations). A plot of absorbance/pathlength against
concentration gave a straight line with gradient equal to , the effective  of the base.
Once effective epsilon  was obtained, H0 was calculated according to eqn.2.5.1.
2.5.5. Results and discussion
 of the bases in dichloromethane While DCM is not the most ideal non-acidic
standard solution, it was chosen for the ease of handling. The ideal non-acidic
standard solution should be one that resembles the ionic liquids in structure e.g. a
weaker acidic [HC4im][HSO4]/H2SO4 mixture as the standard for a stronger acidic
[HC4im][HSO4]/H2SO4 one. However, this method, employed by Hammett,4 is only
feasible when there are much more samples (Hammett measured more than one
hundred samples), to allow the determination of the exact mixture that produces
the highest extinction coefficient for any particular Hammett base. DCM was chosen
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as the alternative. While not ideal, DCM offers many advantages. It dissolves all
Hammett bases; it is not viscous and the amount of water impurity is always low.
Fig. 2.8 to Fig. 2.16 show the plots of absorbance/pathlength against concentration
of all the bases used in this study in DCM (tables of data can be found in the
synthesis section). Table. 2.1 shows their 0 values. The pKa values of the conjugate
acids were obtained from literature.
Figure 2.8.: 3-nitroaniline in DCM
Figure 2.9.: 4-nitroaniline in DCM
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Figure 2.10.: 4-chloro-2-nitroaniline in DCM
Figure 2.11.: 2,4-dichloro-6-nitroaniline in DCM
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Figure 2.12.: 2,6-dichloro-4-nitroaniline in DCM
Figure 2.13.: 2,4-dinitroaniline in DCM
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Figure 2.14.: 2-bromo-4,6-dinitroaniline in DCM
Figure 2.15.: 3-methyl-2,4,6-trinitroaniline in DCM
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Figure 2.16.: 4-nitrotoluene in DCM
Table 2.1.: Extinction coefficients for Hammett’s bases in DCM
Base pKBH+ 0 (mol−1Lcm−1) Standard error* Error (%)
3-nitroaniline 2.47 1395 54 3.9
4-nitroaniline 1.00 15447 134 0.9
4-chloro-2-nitroaniline -0.97 5289 95 1.8
2,4-dichloro-6-nitroaniline -3.01 5573 91 1.6
2,6-dichloro-4-nitroaniline -3.27 13418 220 1.7
2,4-dinitroaniline -4.27 14439 84 0.6
2-bromo-4,6-dinitroaniline -6.48 12893 518 4.0
3-methyl-2,4,6-trinitroaniline -8.22l 5324 92 1.7
4-nitrotoluene -11.35 10018 259 2.6
* Standard errors are the errors of the gradient of the best-fit line of the plot of ab-
sorbance/pathlength against conc. of the base, using regression analysis.
pKBH+ data is obtained from literature.73,74,86,87 The pKBH+ values used in this thesis were
obtained from sources that are most publicly available i.e. textbooks.88,89 Upon checking their
original papers and other papers on Hammett acidity, it was found that these values agreed well
across the literature and all lie within ±0.03 units of difference of the values used here (except for
4-nitrotoluene which only has one source of pKBH+ value87). Hence an error value of 0.03 was
applied to σpK
BH+
.
Effective  of the bases in ionic liquids and their H0 values Fig. 2.17 to Fig. 2.34
show the plots of absorbance against concentration of Hammett bases in ionic liq-
uid/acid mixtures. The amount of acid in each mixture is quoted as mol%, i.e.
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0% is pure ionic liquid and 100% is pure acid. 1-Butylimidazole was also added
to [HC4im][HSO4] to test its effect on the acidity; these extra 1-butylimidazole re-
acted with the [HSO4]
− anions to form more 1-butylimidazolium cations and [SO4]
2−
anions.
Table. 2.2 to Table. 2.5 show the effective  of the bases and the calculated H0 values
for the ionic liquid mixtures.
Figure 2.17.: 4-nitroaniline in pure [C4C1im][HSO4]
Figure 2.18.: 2,4-dichloro-6-nitroaniline in [C4C1im][HSO4] + 33% H2SO4
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Figure 2.19.: 2,4-dinitroaniline in [C4C1im][HSO4] + 50% H2SO4
Figure 2.20.: 2-bromo-4,6-dinitroaniline in [C4C1im][HSO4] + 60% H2SO4
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Figure 2.21.: 2-bromo-4,6-dinitroaniline in [C4C1im][HSO4] + 66% H2SO4
Figure 2.22.: 3-methyl-2,4,6-trinitroaniline in [C4C1im][HSO4] + 71% H2SO4
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Figure 2.23.: 3-methyl-2,4,6-trinitroaniline in [C4C1im][HSO4] + 80% H2SO4
Figure 2.24.: 4-nitrotoluene in [C4C1im][HSO4] + 92% H2SO4
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Figure 2.25.: 4-nitrotoluene in pure H2SO4
Figure 2.26.: 4-nitroaniline in pure [HC4im][HSO4]
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Figure 2.27.: 2,4-dichloro-6-nitroaniline in [HC4im][HSO4] + 36% H2SO4
Figure 2.28.: 2-bromo-4,6-dinitroaniline in [HC4im][HSO4] + 65% H2SO4
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Figure 2.29.: 2-bromo-4,6-dinitroaniline in [HC4im][HSO4] + 71% H2SO4
Figure 2.30.: 3-methyl-2,4,6-trinitroaniline in [HC4im][HSO4] + 75% H2SO4
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Figure 2.31.: 3-methyl-2,4,6-trinitroaniline in [HC4im][HSO4] + 84% H2SO4
Figure 2.32.: 3-nitroaniline in [HC4im][HSO4] + 40% 1-butylimidazole
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Figure 2.33.: 2,6-dichloro-4-nitroaniline in [C4C1im]Cl + 50% HCl
Figure 2.34.: 2,6-dichloro-4-nitroaniline in [HC4im]Cl + 50% HCl
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Table 2.2.: H0 values for [C4C1im][HSO4] and H2SO4 mixtures
[C4C1im][HSO4]
+ H2SO4 (mol%
H2SO4)
Base
Effective 
(mol−1L
cm−1)
Standard
errora
in 
H0
Standard
errorb in
H0
0 4-nitroaniline 13932 280 1.96 0.10
33 2,4-dichloro-6-nitroaniline 3544 658 -2.77 0.17
50 2.4-dinitroaniline 3230 152 -4.81 0.03
60 2-bromo-4,6-dinitroaniline 4244 229 -6.77 0.09
66 2-bromo-4,6-dinitroaniline 2833 31 -7.01 0.11
71 3-methyl-2,4,6-trinitroaniline 3337 495 -7.99 0.12
80 3-methyl-2,4,6-trinitroaniline 1700 141 -8.55 0.05
92 4-nitrotoluene 5238 442 -11.31 0.07
100 4-nitrotoluene 6652 189 -11.05 0.06
a Standard errors in  are the errors of the gradient of the best-fit line of the plot of ab-
sorbance/pathlength against conc. of the base, using regression analysis. b Standard errors in
H0 are calculated from the errors of pKBH+ , 0 (Table. 2.1) and , see the appendix for detail
calculation of H0 errors.
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Table 2.3.: H0 values for [HC4im][HSO4] and H2SO4 mixtures
[HC4im][HSO4]
+ H2SO4 (mol%
H2SO4)
Base
Effective 
(mol−1L
cm−1)
Standard
errora
in 
H0
Standard
errorb in
H0
0 4-nitroaniline 13022 306 1.73 0.07
36 2,4-dichloro-6-nitroaniline 3317 60 -2.84 0.04
65 2-bromo-4,6-dinitroaniline 1878 205 -7.23 0.14
71 2-bromo-4,6-dinitroaniline 1781 86 -7.26 0.15
75 3-methyl-2,4,6-trinitroaniline 2810 355 -8.17 0.07
84 3-methyl-2,4,6-trinitroaniline 1307 241 -8.70 0.06
100 4-nitrotoluene 6652 189 -11.05 0.06
a Standard errors in  are the errors of the gradient of the best-fit line of the plot of ab-
sorbance/pathlength against conc. of the base, using regression analysis. b Standard errors in
H0 are calculated from the errors of 0 (Table. 2.1) and , see the appendix for detail calculation
of H0 errors.
Table 2.4.: H0 values for [HC4im][HSO4] and 1-butylimidazole mixture
[HC4im][HSO4]
+
1-butylimidazole
(mol%)
Base
Effective 
(mol−1L
cm−1)
Standard
errora
in 
H0
Standard
errorb in
H0
40 3-nitroaniline 1086 66 3.02 0.14
a Standard errors in  are the errors of the gradient of the best-fit line of the plot of ab-
sorbance/pathlength against conc. of the base, using regression analysis. b Standard errors in
H0 are calculated from the errors of 0 (Table. 2.1) and , see the appendix for detail calculation
of H0 errors.
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Table 2.5.: H0 values for [HC4im]Cl [HC4im]Cl and HCl mixtures
Ionic liquid Base
Effective 
(mol−1L
cm−1)
Standard
errora
in 
H0
Standard
errorb in
H0
[C4C1im]Cl +
50% HCl
2,6-dichloro-4-
nitroaniline 5036 165 -3.49 0.04
[HC4im]Cl +
50% HCl
2,6-dichloro-4-
nitroaniline 3603 140 -3.71 0.05
a Standard errors in  are the errors of the gradient of the best-fit line of the plot of ab-
sorbance/pathlength against conc. of the base, using regression analysis. b Standard errors in
H0 are calculated from the errors of 0 (Table. 2.1) and , see the appendix for detail calculation
of H0 errors.
Discussion With regard to pure ionic liquids, the strongest acidic proton in both
[C4C1im][HSO4] and [HC4im][HSO4] is [HSO4]− anion (pKa= 2). Weaker protons
are the NH in [HC4im][HSO4] (pKa = 7) and the CH proton of the imidazolium
rings (pKa= 24). It is therefore expected that H0 values for these ionic liquids would
reflect the acid strength and concentration of [HSO4]−. For pure [HC4im][HSO4], the
concentration of [HSO4]− is equal to 5.80molL−1 (calculated from the ionic liquid’s
density and molecular weight (see Table. 2.6); this value would lead to a hypothetical
pH in aqueous solution of 0.62 (see the appendix for calculation), which is much
lower than its H0 of 1.73. The same situation occurred with [C4C1im][HSO4], whose
concentration of [HSO4]− is equal to 5.38molL−1 and hypothetical pH of 0.64 is also
lower than its H0 of 1.96. Estimation of pH values from dilute aqueous solutions of
ionic liquids gave a pH value for pure [C4C1im][HSO4] equal to 0.21 (see sec. 2.6),
which is also lower than its H0 value obtained by UV.
These results emphasize the point that pH is not valid in concentrated solutions; and
that the activity coefficients of the ions in ionic liquids deviate from unity. However,
the density and concentration of [HSO4]− can still be used to explain the difference
in the H0 values of [C4C1im][HSO4] and [HC4im][HSO4], higher concentration of
[HSO4]− in [HC4im][HSO4] leads to a lower H0. The same explanation can be used
for the difference in acidity between [C4C1im]Cl + 50% HCl and [HC4im]Cl + 50%
HCl mixtures. As explained in chapter 4, these two mixtures have very similar
composition, with the most acidic species being [HCl2]
−; thus the slight difference
in their H0 values is most likely due to the difference in the molar volume of the
two.
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Table 2.6.: Density of pure hydrogensulfate ionic liquids
Ionic liquids Density (gmL−1) Concentration (molL−1)
[C4C1im][HSO4] 1.27 5.38
[HC4im][HSO4] 1.29 5.80
Adding H2SO4 increases the acidity of the mixtures, and diminishes the difference
between [C4C1im][HSO4] and [HC4im][HSO4]. The reason is quite straightforward;
since H2SO4 is a much stronger acid than [HSO4]
−, the difference in concentrations
of [HSO4]− has little effect to the overall acidity of the mixtures. Upon plotting
H0 against %H2SO4 (Table. 2.2 and Table. 2.3), linear correlations were observed for
both [C4C1im][HSO4] and [HC4im][HSO4] (R2= 0.990 and 0.992 for [C4C1im][HSO4]
and [HC4im][HSO4] respectively, see Fig. 2.35). This finding poses an intriguing
surprise, since in Hammett’s study of aqueous-H2SO4 mixtures, a similar plot led
to a sigmoid curve with steep decrease in H0 at its two ends (see Fig. 2.35). Closer
scrutiny led to recognition of the different compositions in each case. In the case
of Hammett’s aqueous-sulfuric system, equilibrium exists between H2O and H2SO4
(eqn. 2.5.2), while in these ionic liquids, it exists between [HSO4]− and H2SO4 (eqn.
2.5.4).
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Figure 2.35.: H0 against mol% of H2SO4, in aqueous solution and in ionic liquids.
Data for H2SO4−H2O system was obtained from Hammett’s paper4
In water:90
H2O + H2SO4 
 [H3O]
+ + HSO−4
H2O + [H3O]
+ 
 [H5O2]
+
H2O + [H5O2]
+ 
 [H7O3]
+
H2O + [H7O3]
+ 
 [H9O4]
+ (2.5.2)
At high concentrations of H2SO4, the H2SO4 molecules self-ionize:
2 H2SO4 
 [H3SO4]
+ + [HSO4]
− (2.5.3)
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The positive [H3SO4]
+ can then form higher complexes with H2SO4:
H2SO4 + [H3SO4]
+ 
 [H5S2O8]
+
H2SO4 + [H5S2O8]
+ 
 [H7S3O12]
+
H2SO4 + [H7S3O12]
+ 
 [H9S4O16]
+
Recalling eqn. 2.4.2,
H0 = − log aH+ − log γB
γBH+
− log ΓBΓBH+ (2.4.2)
The sigmoid shape of the aqueous-H2SO4 system in Fig. 2.35 can be explained as
follows. The acidity function H0 is similar to the pH scale in that it is a logarithmic
scale; which means that an increase of 1 H0 unit is equivalent to an increase in
hydron activity by a factor of ten. When H2SO4 reacts with water, it produces
[H3O]
+, higher order clusters of [H3O]
+ with water (eqn. 2.5.2) and [HSO4]
−. At
the beginning of the curve, it does not take much H2SO4 to increase the acidity of
the solution by ten times; thus a steep slope was observed. As the concentration
of H2SO4 increases, it takes much more H2SO4 to increase the concentrations of
[H3O]
+ and higher order clusters of protonated water by ten times; hence the slope
decreases. Finally, at high concentrations of H2SO4 where water becomes minimal,
the most acidic species of the solutions switches from [H3O]
+ to [H3SO4]
+ (eqn.
2.5.3). Consequently the solution medium changes significantly with every small
increment of [H2SO4], causing the ratio (ΓB/ΓBH+) to vary and the last term of eqn.
2.4.2, (log(ΓB/ΓBH+)), to deviate from the assumed small constant, resulting in the
final steep increase in acidity.
In [HSO4]
− ionic liquids, a different equilibrium exists:
[HSO4]
− + H2SO4 
 H2SO4 + [HSO4]
− (2.5.4)
Because the anion of the ionic liquids is the conjugate base of the acid, the left and
right hand sides of the equilibrium are identical. Thus these ionic liquids do not
have the buffering ability that water has. Any sulfuric acid added to the system will
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either stay intact, or form higher order cluster with the [HSO4]
− anions, as follows:
H2SO4 + [HSO4]
− 
 [H3S2O8]
− or [HSO4(H2SO4)]
−
H2SO4 + [H3S2O8]
− 
 [H5S3O12]
− or [HSO4(H2SO4)2]
−
H2SO4 + [H5S3O12]
− 
 [H7S4O16]
− or [HSO4(H2SO4)3]
− (2.5.5)
The important point is that there is no loss of H2SO4. Even when the sulfuric acid
forms clusters with [HSO4]
− anions, the overall acidity of the solution should not
change, because the acid strength of the cluster should be the same as the sum of the
sulfuric acid and the [HSO4]
− anions. For this reason, linear correlations between
the concentration of acids and H0 were seen.
Mass spectrometry analysis of the [C4C1im][HSO4] mixtures with H2SO4 (using Fast
Atom Bombardment technique - FAB) were carried out (Table. 2.7 and Table. 2.8).
In both the positive and negative mass spectra, clusters of the cations and anions
were detected i.e. ([C4C1im]2[HSO4])
+, ([C4C1im][HSO4]2)
− and ([C4C1im]2[HSO4]3)
−.
Clusters of H2SO4 and [HSO4]
− of up to [HSO4(H2SO4)8]
− formed as in eqn. 2.5.5
were seen in the negative spectra. In the positive spectra, mixtures of up to 92%
concentration of H2SO4 showed no [H3SO4]
+ or higher order clusters of [H3SO4]
+
with H2SO4 (Table. 2.7). Only in pure sulfuric acid were these ions present. How-
ever, it is important to note that since the technique that was used was fast atom
bombardment, it means that even though these fragments were detected in the mass
spectra, it cannot be said for certain if they were present in the liquid state.
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Table 2.7.: Detected ion fragments and their relative abundances in the positive
mass spectra of [C4C1im][HSO4] mixtures with H2SO4 (using Fast Atom Bom-
bardment technique)
mol% of H2SO4 Ions
0 [C4C1im]
+ (100%), [HC1im]
+ (50%)
33 [C4C1im]
+ (100%), [HC1im]
+ (40%)
50 [C4C1im]
+ (100%), [HC1im]
+ (25%), ([C4C1im]2[HSO4])
+
(5%)
60 [C4C1im]
+ (100%), [HC1im]
+ (20%), ([C4C1im] · H2SO4)+
(5%)
66 [C4C1im]
+ (100%), [HC1im]
+ (20%), ([C4C1im] · H2SO4)+
(5%)
71 [C4C1im]
+ (100%), [HC1im]
+ (15%), ([C4C1im]2[HSO4])
+
(5%)
80 [C4C1im]
+ (100%), [HC1im]
+ (15%), ([C4C1im]2[HSO4])
+
(5%)
92 [C4C1im]
+(100%), [HC1im]
+ (15%), ([C4C1im]2[HSO4])
+
(10%)
100
[H3SO4]
+ (100%), [H5S2O8]
+ (40%),[H7S3O12]
+ (10%),
[H9S4O16]
+ (5%)
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Table 2.8.: Detected ion fragments and their relative abundances in the negative
mass spectra of [C4C1im][HSO4] mixtures with H2SO4 (using Fast Atom Bom-
bardment technique)
mol% of H2SO4 Ions
0 [HSO4]
−(100%)
33 [HSO4]
−(100%)
50 [HSO4]
−(100%), [H3S2O8]
− (50%), ([C4C1im][HSO4]2)
−
(15%)
60
[HSO4]
−(100%), [H3S2O8]
− (75%), ([C4C1im][HSO4]2)
−
(15%), ([HC4im][HSO4])
− (10%)
66
[HSO4]
−(100%), [H3S2O8]
− (80%), ([C4C1im][HSO4]2)
−
(15%), ([HC4im][HSO4])
− (10%)
71
[HSO4]
−(100%), [H3S2O8]
− (90%), ([C4C1im][HSO4]2)
−
(15%), ([HC4im][HSO4])
− (10%)
80
[HSO4]
−(80%), [H3S2O8]
− (100%), ([C4C1im][HSO4]2)
−
(10%), ([HC4im][HSO4])
− (10%)
92
[HSO4]
−(40%), [H3S2O8]
− (100%), [H5S3O12]
− (10%),
([C4C1im][HSO4]2)
− (5%), ([C4C1im][HSO4]2[H2SO4])
−
(<5%), ([C4C1im][HSO4]2[H2SO4]2)
−(10%),
([C4C1im][HSO4]2[H2SO4]3)
− (<5%), ([C4C1im]2[HSO4]3)
−
(<5%), ([HC4im][HSO4])
− (10%)
100
[HSO4]
−(35%), [H3S2O8]
− (100%), [H5S3O12]
− (55%),
[H9S5O20]
− (35%), [H11S6O24]
− (20%), [H13S7O28]
− (15%),
[H15S8O32]
− (10%), [H17S9O36]
− (5%)
Finally, H0 appeared to be independent from the cation identities of the ionic liquids,
as the two linear best-fit lines for [C4C1im][HSO4] and [HC4im][HSO4] in Fig. 2.35
lie very close to each other. The slope and the intercept values for [HC4im][HSO4]
are -0.127 and 1.569 respectively; their 95% confidence interval are -0.139 to -0.117
for the slope and 0.821 to 2.317 for the intercept. The slope and intercept values for
[C4C1im][HSO4] are -0.135 and 1.812 respectively, their 95% confidence limits are -
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0.147 to -0.123 for the slope and 0.996 to 2.629 for the intercept. Thus both lines have
their slope and intercept values within the 95% confidence interval of each other.
This suggests that the NH proton on the imidazolium ring of [HC4im]
+ cations
has no effect on the acidity of the solutions, even though it is in theory capable
of forming hydrogen-bonding with [HSO4]
−and H2SO4 while [C4C1im]
+ cannot; its
pKa is 7, which is understandably much too high to have any effect on solutions
with H0 values of 2 to -11.
2.5.6. Difficulty in using Hammett bases in ionic liquids
That the process of measuring H0 in ionic liquids is extremely arduous is not an
overstatement. The viscosity of ionic liquids caused great difficulty in handling, es-
pecially under an inert atmosphere. Due to this high viscosity problem, dissolving
bases and measuring out precise volumes of ionic liquid require a lot of effort, al-
though one ought to accept this for most processes involving ionic liquids. On top
of that, while in principle the Hammett method is sound, applying it took many
trials for a successful measurement. Choosing the right base for a new ionic liquid is
like taking a walk in the dark, for a base can be either too weak or too strong for a
solution. Typically, only bases with pKBH+ close to the solution H0 would be able to
produce reliable result. Only after some successful measurements were obtained can
a more educated guess be made for the remaining mixtures. Furthermore, the high
absorption of the bases means that the concentration of the base has a very narrow
window to be detectable. Many ionic liquids, especially imidazolium based, absorb
in the UV region 200-300nm, which sometimes overlaps with the absorbance of the
base, narrowing the window for detectable concentration of base even further. Fi-
nally, as the base is present at minuscule concentrations, any impurity could have a
significant impact on the H0 values. Water, the most common impurity, is especially
good at lowering the H0 values. This is a major problem, since most ionic liquids
are hydroscopic i.e. kinetically fast in absorbing water from the surroundings; some
ionic liquids are additionally hydrophilic i.e. capable of absorbing large amount of
water. [HSO4]
− ionic liquids are both hydroscopic and hydrophilic, so is sulfuric
acid.
These difficulties explain why there are but few data on H0 values for neat ionic
liquids and strong acid-ionic liquid mixtures.33,78 As mentioned earlier, most H0
values for ionic liquids available in literature were obtained for solutions of ionic
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liquids in another molecular solvent, typically dichloromethane. To demonstrate
whether H0 measured in this manner deviates from the true H0 of the ionic liquids
or not, a study on H0 of solution of [C4C1im][HSO4] and [HC4im][HSO4] in water
and molecular solvents will be shown in the subsequent section.
2.6. H0 of solutions of ionic liquids in water and
molecular solvent
Dissolving ionic liquids in another solvent at first glance solves all the difficulties
of neat ionic liquids. The viscosity is reduced, so is the interference of the ILs
on the UV absorbance. Molecular solvents such as dichloromethane also have low
hydrophilicity, thus reducing the effect of water impurity on the H0 values. Following
a similar procedure as the one for neat ionic liquids, H0 can be determined for any
particular concentration of ionic liquid dissolved in water or molecular solvents.
Extrapolation of these H0 values to a hypothetical concentration of neat ionic liquid
gives an estimate for H0 of the neat ionic liquids. In this section, this method is
explored and evaluated.
2.6.1. In water
For aqueous solutions, it was found that 4-nitroaniline and 3-nitroaniline were suf-
ficient to measure the acidity of all ionic liquid solutions. The same mixtures that
were made for H0 measurement in neat condition were used and diluted in water.
As the concentration of ionic liquid increased, a higher portion of the base molecules
were protonated, which led to a reduction in the UV absorbance (see Fig. 2.36-UV
absorbance of [C4C1im][HSO4] + 60% H2SO4 for an example). The absorbance of
the nil solution (A0) where no ionic liquid is present was used as the reference to
calculate H0 of ionic liquid solutions, using eqn. 2.6.1.
H0 = pKBH+ − log
[
A0 − A
A
]
(2.6.1)
where A0 is the absorbance of the nil solution which contains a certain concentration
of the base without added ionic liquid, A is the absorbance of a solution with the
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same concentration of the base as the nil solution but with ionic liquid added. (see
the synthesis section for detail preparation of these solutions)
Figure 2.36.: UV absorbance of series of increasing concentrations of
[C4C1im][HSO4] + 60%H2SO4 in aqueous solution. [4-nitroaniline] = 1.3E-04
molL−1
Plotting H0 against the log of concentration produced a straight line. Extrapolation
of this line to the concentrations of the neat ILs gave an estimate for their H0. Along
with H0, pH values were also recorded for these solutions; extrapolation in a similar
manner gave another estimation of H0 of the neat ILs. Concentrations of the neat
ILs were calculated using their densities and molecular weights.
concentration = density(gml
−1)
Mw
× 1000
Results
Fig. 2.37 to Fig. 2.46 show the plots of H0 and pH against the log of concentration
of ionic liquid in aqueous solutions and the extrapolation to H0 and pH values for
neat ionic liquids.
Table. 2.9 to Table. 2.17 show H0 and pH values for individual aqueous solutions of
[C4C1im][HSO4] + H2SO4 mixtures. Table. 2.18 shows H0 and pH values for aqueous
solutions of [HC4im][HSO4] + 40% 1-butylimidazole. Estimated H0 and pH values
for neat ionic liquids are shown in Table. 2.27 on page 110.
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Table 2.9.: H0 and pH values for [C4C1im][HSO4] with no added H2SO4 in aqueous
solutions
Conc. of 3-
nitroaniline(molL−1)
Conc.
[C4C1im][HSO4]
(molL−1)
A H0 pH
7.24E-04 0 1.1438*
7.24E-04 2.44E-03 0.74835 2.78 2.80
7.24E-04 4.89E-03 0.66392 2.64 2.58
7.24E-04 7.33E-03 0.50996 2.41 2.43
7.24E-04 9.78E-03 0.46718 2.34 2.31
7.24E-04 1.22E-02 0.42755 2.28 2.29
7.24E-04 1.47E-02 0.39822 2.23 2.21
7.24E-04 1.71E-02 0.38376 2.20 2.14
7.24E-04 1.96E-02 0.35561 2.15 2.11
7.24E-04 2.20E-02 0.35556 2.15 2.05
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.37.: Plots of H0 and pH against the log of concentration of pure
[C4C1im][HSO4] in aqueous solutions
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Table 2.10.: H0 and pH values for [C4C1im][HSO4] + 33% H2SO4 in aqueous solu-
tions
Conc. of 4-
nitroaniline(molL−1) Conc. [IL-H2SO4mixture] (molL−1)
A H0 pH
1.06E-04 0 1.4934*
1.06E-04 2.00E-02 1.0733 1.41 1.64
1.06E-04 3.99E-02 1.0072 1.32 1.42
1.06E-04 5.99E-02 0.8258 1.09 1.26
1.06E-04 7.98E-02 0.7821 1.04 1.17
1.06E-04 9.98E-02 0.7078 0.95 1.11
1.06E-04 1.20E-01 0.6945 0.94 1.04
1.06E-04 1.40E-01 0.6320 0.87 1.00
1.06E-04 1.60E-01 0.6052 0.83 0.97
1.06E-04 1.80E-01 0.6000 0.83 0.89
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.38.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 33% H2SO4 in aqueous solutions
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Table 2.11.: H0 and pH values for [C4C1im][HSO4] + 50% H2SO4 in aqueous solu-
tions
Conc. of 4-
nitroaniline(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.06E-04 0 1.4029*
1.06E-04 1.24E-02 1.1127 1.58 1.68
1.06E-04 2.49E-02 0.9206 1.28 1.41
1.06E-04 3.73E-02 0.8302 1.16 1.29
1.06E-04 4.97E-02 0.7354 1.04 1.19
1.06E-04 6.22E-02 0.6895 0.99 1.10
1.06E-04 7.46E-02 0.6525 0.94 1.03
1.06E-04 8.70E-02 0.6135 0.89 0.98
1.06E-04 9.95E-02 0.5555 0.82 0.96
1.06E-04 1.12E-01 0.5302 0.78 0.89
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.39.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 50% H2SO4 in aqueous solutions
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Table 2.12.: H0 and pH values for [C4C1im][HSO4] + 60% H2SO4 in aqueous solu-
tions
Conc. of
4-nitroaniline
(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.30E-04 0 1.6995*
1.30E-04 1.06E-02 1.2506 1.44 1.85
1.30E-04 2.12E-02 1.0500 1.21 1.64
1.30E-04 3.17E-02 1.0258 1.18 1.51
1.30E-04 4.23E-02 0.8884 1.04 1.46
1.30E-04 5.29E-02 0.7939 0.94 1.33
1.30E-04 6.35E-02 0.7084 0.85 1.31
1.30E-04 7.41E-02 0.3970 0.48 1.23
1.30E-04 8.47E-02 0.6461 0.79 1.21
1.30E-04 9.52E-02 0.6124 0.75 1.17
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.40.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 60% H2SO4 in aqueous solutions
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Table 2.13.: H0 and pH values for [C4C1im][HSO4] + 66% H2SO4 in aqueous solu-
tions
Conc. of
4-nitroaniline
(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.06E-04 0 1.3709*
1.06E-04 7.15E-03 1.2088 1.87 1.66
1.06E-04 1.43E-02 0.9416 1.34 1.40
1.06E-04 2.14E-02 0.8574 1.22 1.25
1.06E-04 2.86E-02 0.7336 1.06 1.16
1.06E-04 3.57E-02 0.7084 1.03 1.16
1.06E-04 4.29E-02 0.6140 0.91 1.03
1.06E-04 5.00E-02 0.5889 0.88 0.95
1.06E-04 5.72E-02 0.5581 0.84 0.90
1.06E-04 6.43E-02 0.5280 0.80 0.85
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.41.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 66% H2SO4 in aqueous solutions
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Table 2.14.: H0 and pH values for [C4C1im][HSO4] + 71% H2SO4 in aqueous solu-
tions
Conc. of
4-nitroaniline
(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.30E-04 0 1.6995*
1.30E-04 9.17E-03 1.2166 1.40 1.76
1.30E-04 1.83E-02 0.9554 1.11 1.54
1.30E-04 2.75E-02 0.8958 1.05 1.43
1.30E-04 3.67E-02 0.7683 0.92 1.30
1.30E-04 4.58E-02 0.6862 0.83 1.27
1.30E-04 5.50E-02 0.6363 0.78 1.19
1.30E-04 6.42E-02 0.5364 0.66 1.16
1.30E-04 7.33E-02 0.5503 0.68 1.13
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.42.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 71% H2SO4 in aqueous solutions
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Table 2.15.: H0 and pH values for [C4C1im][HSO4] + 80% H2SO4 in aqueous solu-
tions
Conc. of
4-nitroaniline
(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.30E-04 0 1.6995*
1.30E-04 7.35E-03 1.1837 1.36 1.28
1.30E-04 1.47E-02 0.8296 0.98 1.26
1.30E-04 2.21E-02 0.5895 0.73 1.23
1.30E-04 2.94E-02 0.6586 0.80 1.15
1.30E-04 3.68E-02 0.5915 0.73 1.13
1.30E-04 4.41E-02 0.5481 0.68 1.08
1.30E-04 5.15E-02 0.4814 0.60 1.04
1.30E-04 5.88E-02 0.5066 0.63 1.04
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.43.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 80% H2SO4 in aqueous solutions
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Table 2.16.: H0 and pH values for [C4C1im][HSO4] + 92% H2SO4 in aqueous solu-
tions
Conc. of
4-nitroaniline
(molL−1)
Conc. [IL-H2SO4
mixture] (molL−1)
A H0 pH
1.30E-04 0 1.6995*
1.30E-04 3.59E-03 1.0243 1.18 1.15
1.30E-04 7.18E-03 0.8306 0.98 1.10
1.30E-04 1.08E-02 0.6242 0.76 1.11
1.30E-04 1.44E-02 0.5682 0.70 1.04
1.30E-04 1.79E-02 0.4086 0.50 1.02
1.30E-04 2.15E-02 0.4426 0.55 0.94
1.30E-04 2.51E-02 0.3653 0.44 0.94
1.30E-04 2.87E-02 0.3512 0.42 0.91
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.44.: Plots of H0 and pH against the log of concentration of [C4C1im][HSO4]
+ 92% H2SO4 in aqueous solutions
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Table 2.17.: H0 and pH values for 100% H2SO4 in aqueous solutions
Conc. of
4-nitroaniline
(molL−1)
Conc. of H2SO4
(molL−1)
A H0 pH
1.06E-04 0 1.3799*
1.06E-04 5.92E-02 0.7259 1.05 1.13
1.06E-04 1.18E-01 0.5009 0.76 0.91
1.06E-04 1.78E-01 0.3940 0.60 0.76
1.06E-04 2.37E-01 0.3030 0.45 0.66
1.06E-04 2.96E-01 0.2540 0.35 0.6
1.06E-04 3.55E-01 0.2046 0.24 0.54
1.06E-04 4.15E-01 0.1839 0.19 0.51
1.06E-04 4.74E-01 0.1521 0.09 0.46
1.06E-04 5.33E-01 0.1416 0.06 0.4
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.45.: Plots of H0 and pH against the log of concentration of sulfuric acid
in aqueous solutions
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Table 2.18.: H0 and pH values for [HC4im][HSO4] + 40% 1-butylimidazole in aque-
ous solutions
Conc. of
3-nitroaniline
(molL−1)
Conc.
[IL-1-butylimidazole
mixture] (molL−1)
A H0 pH
7.24E-04 0 1.0316*
7.24E-04 3.99E-02 0.8515 3.17 3.14
7.24E-04 7.98E-02 0.7504 2.93 3.01
7.24E-04 1.20E-01 0.6969 2.82 2.88
7.24E-04 1.60E-01 0.6867 2.80 2.76
7.24E-04 1.99E-01 0.6314 2.70 2.70
7.24E-04 2.39E-01 0.6812 2.79 2.67
7.24E-04 2.79E-01 0.6769 2.78 2.66
7.24E-04 3.19E-01 0.6477 2.73 2.62
7.24E-04 3.59E-01 0.5867 2.62 2.56
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.46.: Plots of H0 and pH against the log of concentration of [HC4im][HSO4]
+ 40% 1-butylimidazole in aqueous solutions
2.6.2. In acetonitrile
Most literature results32,80–83 of H0 values for ionic liquids were obtained in dichlorom-
ethane (DCM). Measuring acidity in DCM is popular, since dissolving ionic liquids
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into DCM removes the viscosity issue of ionic liquids; in addition to its ability to
dissolve many ionic liquids and the fact that it is an aprotic solvent. However, as
mentioned previously, the amounts of IL added in most of these studies were sur-
prisingly small, some as little as 5mM. It is therefore questionable whether or not
these H0 values have any significant meaning at all. In this section, I looked into
why these previous studies were carried out as such and applied this method to my
[C4C1im][HSO4] + H2SO4 mixtures.
It was found that the hydrogensulfate ionic liquids dissolved poorly in DCM. Thus
acetonitrile was chosen as an alternative. Even though less commonly used to dis-
solve ionic liquids, acetonitrile is also aprotic so should not interfere with the acidity
given by the ionic liquids and the H2SO4 dissolved in them. Even though it is a
weak base (pKBH+ = −10), it should be able to withstand acidity of up to H0 = −7
(at which one-thousandth of the number of acetonitrile molecules are protonated)
without lowering the acidity given to the solutions by the ionic liquids.
The same procedure as in water was carried out in acetonitrile. [C4C1im][HSO4]
+H2SO4 mixtures made in the previous section were dissolved in acetonitrile to-
gether with Hammett’s bases. H0 was calculated in a similar manner to that in water,
using eqn. 2.6.1 (see the synthesis section for detail preperation of these solutions).
Table. 2.19 to Table. 2.26 show H0 values for individual solutions of [C4C1im][HSO4]
+ H2SO4 mixtures (only up to 92% H2SO4 because MeCN decomposed in pure sulfu-
ric acid). Fig. 2.47 to Fig. 2.54 show the plots of H0 against the log of concentration
of ionic liquid in acetonitrile solutions and the extrapolation to H0 values for neat
ionic liquids. Estimated H0 values for neat ionic liquids are shown in Table. 2.27 on
page 110.
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Table 2.19.: H0 values for [C4C1im][HSO4] without added acid in acetonitrile so-
lutions
Conc. of
3-nitroaniline
(molL−1)
Conc. of
[C4C1im][HSO4]
(molL−1)
A H0
2.30E-03 0 1.6889*
2.30E-03 1.00E-01 1.3819 3.15
2.30E-03 2.00E-01 1.1125 2.79
2.30E-03 3.00E-01 0.9190 2.58
2.30E-03 4.00E-01 0.7735 2.43
2.30E-03 5.00E-01 0.6591 2.31
2.30E-03 6.00E-01 0.5872 2.23
2.30E-03 7.00E-01 0.5228 2.15
2.30E-03 8.00E-01 0.4779 2.10
2.30E-03 9.00E-01 0.4362 2.04
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.47.: Plots of H0 against the log of concentration of pure [C4C1im][HSO4]
in acetonitrile solutions
101
2.6 H0 of solutions of ionic liquids in water and molecular solvent
Table 2.20.: H0 values for [C4C1im][HSO4] + 33% H2SO4 in acetonitrile solutions
Conc. of
2-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
5.64E-04 0 1.4095*
5.64E-04 9.84E-02 1.3826 1.45
5.64E-04 1.97E-01 1.2651 0.68
5.64E-04 2.95E-01 1.1874 0.47
5.64E-04 3.94E-01 1.1312 0.35
5.64E-04 4.92E-01 0.9808 0.10
5.64E-04 5.91E-01 0.8835 -0.03
5.64E-04 6.89E-01 0.8232 -0.11
5.64E-04 7.88E-01 0.7597 -0.19
5.64E-04 8.86E-01 0.6623 -0.31
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.48.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
33% H2SO4 in acetonitrile solutions
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Table 2.21.: H0 values for [C4C1im][HSO4] + 50% H2SO4 in acetonitrile solutions
Conc. of
4-chloro-2-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
6.46E-04 0 1.5637*
6.46E-04 5.28E-02 1.5571 1.40
6.46E-04 1.06E-01 1.497 0.38
6.46E-04 1.59E-01 1.4145 0.01
6.46E-04 2.11E-01 1.3318 -0.21
6.46E-04 2.64E-01 1.123 -0.56
6.46E-04 3.17E-01 1.0275 -0.69
6.46E-04 3.70E-01 0.9386 -0.79
6.46E-04 4.23E-01 0.8054 -0.94
6.46E-04 4.76E-01 0.7248 -1.03
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.49.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
50% H2SO4 in acetonitrile solutions
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Table 2.22.: H0 values for [C4C1im][HSO4] + 60% H2SO4 in acetonitrile solutions
Conc. of
4-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
8.99E-05 0 1.6268*
8.99E-05 1.69E-02 1.3114 0.64
8.99E-05 2.54E-02 0.5387 0.28
8.99E-05 3.39E-02 0.34065 0.11
8.99E-05 4.24E-02 0.25166 0.01
8.99E-05 5.08E-02 0.2209 -0.16
8.99E-05 5.93E-02 0.16622 -0.26
8.99E-05 6.78E-02 0.1369 -0.19
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.50.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
60% H2SO4 in acetonitrile solutions
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Table 2.23.: H0 values for [C4C1im][HSO4] + 66% H2SO4 in acetonitrile solutions
Conc. of 2,4-dichloro-
6-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
7.66E-04 0 1.8352*
7.66E-04 9.36E-02 1.8216 -0.83
7.66E-04 1.87E-01 1.8202 -0.87
7.66E-04 2.81E-01 1.8198 -0.89
7.66E-04 3.74E-01 1.8125 -1.07
7.66E-04 4.68E-01 1.6735 -2.00
7.66E-04 5.61E-01 1.618 -2.14
7.66E-04 6.55E-01 1.5848 -2.21
7.66E-04 7.48E-01 1.5341 -2.30
7.66E-04 8.42E-01 1.3139 -2.61
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.51.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
66% H2SO4 in acetonitrile solutions
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Table 2.24.: H0 values for [C4C1im][HSO4] + 71% H2SO4 in acetonitrile solutions
Conc. of
2-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1)
A H0
6.90E-04 0 1.8517*
6.90E-04 3.44E-03 1.775 1.10
6.90E-04 6.89E-03 1.7102 0.82
6.90E-04 1.03E-02 1.633 0.61
6.90E-04 1.38E-02 1.5199 0.40
6.90E-04 1.72E-02 1.4128 0.25
6.90E-04 2.07E-02 1.3455 0.16
6.90E-04 2.41E-02 1.2198 0.03
6.90E-04 2.75E-02 1.1499 -0.05
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.52.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
71% H2SO4 in acetonitrile solutions
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Table 2.25.: H0 values for [C4C1im][HSO4] + 80% H2SO4 in acetonitrile solutions
Conc. of 2,4-dichloro-
6-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
7.27E-04 0 1.7227*
7.27E-04 4.90E-02 1.7121 -0.80
7.27E-04 9.80E-02 1.6852 -1.36
7.27E-04 1.47E-01 1.6344 -1.74
7.27E-04 1.96E-01 1.5279 -2.12
7.27E-04 2.45E-01 1.4859 -2.21
7.27E-04 2.94E-01 1.2594 -2.58
7.27E-04 3.43E-01 1.082 -2.78
7.27E-04 3.92E-01 0.9293 -2.94
7.27E-04 4.41E-01 0.8222 -3.05
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.53.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
80% H2SO4 in acetonitrile solutions
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Table 2.26.: H0 values for [C4C1im][HSO4] + 92% H2SO4 in acetonitrile solutions
Conc. of
2-nitroaniline
(molL−1)
Conc. of [IL-H2SO4]
(molL−1) A H0
6.90E-04 0 1.8517*
6.90E-04 1.21E-03 1.6601 0.68
6.90E-04 2.41E-03 1.3619 0.18
6.90E-04 3.62E-03 1.1306 -0.06
6.90E-04 4.83E-03 0.92007 -0.27
6.90E-04 6.03E-03 0.77436 -0.40
6.90E-04 7.24E-03 0.64359 -0.53
6.90E-04 8.44E-03 0.54822 -0.64
6.90E-04 9.65E-03 0.47562 -0.72
*nil solution, whose absorbance is used as non-acidic reference, A0
Figure 2.54.: Plots of H0 against the log of concentration of [C4C1im][HSO4] +
92% H2SO4 in acetonitrile solutions
2.6.3. Evaluation of values of H0 obtained by estimation from
aqueous and acetonitrile solution
As explained before, extrapolation of H0 of dilute solutions of an ionic liquid (in
water and acetonitrile) to the concentration of the neat ionic liquid allows estima-
tion of H0 for the neat ionic liquid, while avoiding all the difficulties arising from
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the high viscosity and colouring of the neat ionic liquid. However, in relation to my
concern about the low concentration of ionic liquid present in literature examples
mentioned previously, it is indeed impossible to have high concentrations of IL in
these solutions. The reason was not because the viscosity was too high; in fact,
small amount of solvent was needed to lower the viscosity. The problem lies in the
interference of the IL absorbance over the Hammett’s base absorbance. Thus, if
the concentration of the IL is too high, the peak of the base would appear higher
than in the reference solution, making calculation of H0 impossible. The maximum
concentration of [C4C1im][HSO4] available was 0.9M. Obviously, this limits the ac-
curacy of the estimation method, since experimental data were limited to below this
concentration.
Table. 2.27 shows values obtained for [C4C1im][HSO4] +H2SO4 mixtures from water
and acetonitrile as compared to H0 obtained directly from undiluted mixtures, along
with their standard errors. Fig. 2.55 shows a plot of these values. Using the H0 values
obtained by direct measurement as the most correct representative of the acidity of
these ionic liquid mixtures, the other methods can be evaluated. As can be seen
from Fig. 2.55, the results from all three extrapolation methods deviated away from
the direct H0 values, especially at the high acid concentrations. H0 obtained by
UV measurement in MeCN did follow the trend up to 50% H2SO4, after which it
flattened out at H0 ' −4. Water clearly has a strong leveling effect on the acidity
of its solution, keeping the H0 values from getting more negative at the high acid
concentrations. The leveling effect of water comes from the fact that water is only a
slightly weaker base than the Hammett bases used in the UV experiments (pKBH+
of water, 4-nitroanine and 3-nitroanine are -1.7, -1, and 1 respectively); being the
solvent it is also present at much higher concentration than the Hammett bases.
Thus, it reacts with the acidic species in the ionic liquid-H2SO4 mixtures instead of
the Hammett bases. The Hammett bases are therefore only measuring the acidity of
[H3O]
+ ions. As for pH, with such erratic pattern and fluctuation not far from pH 0,
it is clearly not a useful method to compare acidity of acidic ionic liquid mixtures.
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Table 2.27.: H0 values obtained by various methods for [C4C1im][HSO4]+H2SO4
mixtures and their standard errors*
H2SO4
(mol%)
pHa H0 from watera H0 from MeCNa H0 from neat
solution
0 0.21±0.04 0.45±0.09 1.12±0.01 1.96±0.09
33 -0.18±0.02 -0.13±0.05 -1.59±0.07 -2.66±0.17
50 -0.38±0.02 -0.49±0.04 -3.44±0.1 -4.81±0.02
60 0.04±0.03 -0.4±0.07 -3.8±0.33 -6.77±0.08
66 -0.58±0.06 -1.09±0.13 -3.6±0.29 -7.01±0.10
71 -0.03±0.03 -0.65±0.06 -2.69±0.12 -7.99±0.11
80 0.57±0.07 -0.71±0.17 -4.79±0.09 -8.58±0.04
92 0.49±0.08 -1.04±0.11 -3.95±0.03 -11.3±0.06
100 -0.75±0.02 -1.56±0.03 MeCN
decomposed
-11.03±0.04
a: obtained by extrapolation of H0 and pH of dilute solutions of the ionic liquid-H2SO4 mixtures
in water and acetonitrile to the concentration of the neat mixtures
*: standard errors for pHa, H0 from watera and H0 from MeCNa were deduced from standard
errors in the gradients and the intercepts of the linear graphs of pH and H0 against log of conc.
of ionic liquid mixtures. Standard errors for H0 from the neat mixtures were calculated using
standard errors in the extinction coefficients of the Hammett bases in DCM and in the neat ionic
liquid mixtures. see the appendix for detail calculation of errors
Figure 2.55.: H0 values obtained by various methods for [C4C1im][HSO4]+H2SO4
mixtures
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In conclusion, even though UV measurement of the neat ionic liquid mixtures is
the most accurate method to obtain H0 values, it requires tremendous effort in
preparation. Estimations of H0 values from solutions of ionic liquids in other solvents
did not produce satisfactory results, because they all deviate away from the H0 values
obtained in the neat state. Thus it is desirable to have a more straightforward
method to measure H0. In the next section an alternate method which is based on
thek Hammett acidity scale but utilizes NMR instead of UV spectroscopy will be
explored.
2.7. Measuring acidity using an NMR probe - mesityl
oxide
2.7.1. Foundation of mesityl oxide as an acid probe
As mentioned previously, despite the solid principle of Hammett acidity, in practice
it requires tremendous effort from the laboratory worker. First of all, acidity is
extremely sensitive to water impurity. Thus any acidity measurement should be
concise, so as to reduce the exposure time of the ionic liquid to any adventitious
water. UV measurements unfortunately are rarely straight forward, usually require
repeated trials to determine the correct Hammett base and the right concentrations.
Furthermore, UV is also not suitable for most opaque or coloured solutions.
In recognition of the shortcomings of UV spectroscopy in Hammett measurements,
in 1996, Fărcaşiu established a new method based on 13C NMR.5 The principle of
using NMR to determine acid is based on the fact that, if the two forms of a base,
the free base and the protonated form, undergo fast-exchange, i.e. faster than the
time-scale of the NMR machine, then a single average chemical shift will show in
the NMR spectrum and can be used to calculate their ratios, using eqn. 2.7.1.91
[BH+]
[B] + [BH+]
= (δav − δB)(δBH+ − δB)
(2.7.1)
where δB is the chemical shift of the free base, δBH+ is the chemical shift of the
protonated base and δav is the average chemical shift of the base when it is par-
tially protonated. This interpolation of chemical shifts method had previously been
employed to calculate H0 by various authors, using 1H NMR,92–98 19F NMR,99 13C
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NMR97,100 or 31P NMR,101 to monitor the chemical shifts of the base probes; with
one paper reporting the acidity of ionic liquids using 13C NMR of acetone.102 How-
ever, Fărcaşiu mentioned that these results were questionable, since chemical shifts
are dependent on other factors in addition to the extent of positive charge, particu-
larly the magnetic properties of the acids when they are used as solvents. To correct
for these medium effects, instead of using the chemical shift of a single nucleus in
the base molecule, one can use the difference in shift between the signals of two
atoms in the same molecule. This works best if the charge is unevenly distributed
and one atom has all the charge while the other has none. Since the solvent effect
is exerted upon all atoms in the molecule, the difference in shift between these two
atoms would be proportional to the extent of charge acquired by the molecule, and
the medium effects are corrected for. Fărcaşiu focused on 13C NMR instead of the
high resolution 1H NMR because earlier studies had shown that in contrast to 1H
NMR, medium effects are negligible in 13C NMR.103,104
Fărcaşiu wanted an NMR acid indicator that would work with the well-established
Hammett’s H2O-H2SO4 system, ideally over the whole range from pure water to
pure sulfuric acid. He started with ethanol, and correlated the difference in the
chemical shifts of C(α) and C(β) (∆δ = δC(α) − δC(β)) with acidity.
CH3CH2OH + AH −−⇀↽− CH3CH2OH+2 + A−
Problems arose when some ethanol reacted with sulfuric acid to form ethyl hydrogen
sulfate.
EtOH + H2SO4 −→ EtHSO4 + H2O
While this reaction did not change the overall acidity of the solution significantly,
since EtHSO4 has similar acidity to H2SO4,105 and H2O has similar basicity to EtOH
(pKa of water is 15.7, pKa of EtOH is 15.2 ), it did effect the accuracy of the chemical
shifts.
Thus he then moved to a different class of indicators, α-β unsaturated ketones.
Fărcaşiu tested a few different α-β unsaturated ketones; however the work in this
section will only concentrate on the one with the most extensive data, mesityl oxide.
Its systematic name is 4-methylpent-3-en-2-one. Upon protonation, the hydrogen
attaches to the oxygen of the carbonyl group (Fig. 2.56). Due to the conjugation of
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the double bonds, it is expected that the positive charge would concentrate mostly
on carbons 2 and 4 , leaving carbon 3 unchanged in charge. Comparison of mesityl
oxide in DCM and in superacids shows that the signal for C2 has moved downfield by
only 12ppm, while C4 has moved downfield by almost 50ppm, which indicates that
this carbon carries most of the positive charge; C3 as expected has not moved much
(upfield by 3ppm). Thus protonated mesityl oxide is best presented by canonical
form 3 in Fig. 2.56. The difference between the C4 and C3 chemical shifts ∆δ was
therefore chosen to correlate with acidity(∆δ = δ4 − δ3).
4
3
2
1
O OH
OH OH OH
Mesityl oxide
HA
1 2 3
Figure 2.56.: Mesityl oxide conjugation mode
In contrast to Hammett’s bases, which are present at milimolar concentration, the
amount of mesityl oxide needed to be detectable in 13C-NMR is much higher (from
1% to 6% w/w). Fărcaşiu admitted that this is the main downfall of the NMR
method, since the addition of any base necessarily decreases the overall acidity of
the solution. So, if comparative measurements which are independent of the mesityl
oxide concentration are to be made, an extrapolation of ∆δ vs. mesityl oxide concen-
tration must be done, to give a ∆δ0 value, that of zero mesityl oxide concentration.
A linear correlation was observed when ∆δ was plotted against concentrations of
mesityl oxide. Fig. 2.57 shows an example of such a plot (unfortunately in Fărcaşiu’s
paper this type of plot was only depicted for 4-hexen-3-one, nevertheless mesityl ox-
ide and 4-hexen-3-one were reported in his paper to behave in the same manner).
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Figure 2.57.: Plot of measured ∆δ vs. 4-hexen-3-one concentration in 75% H2SO4
in water, in this case ∆δ0 is 46.7ppm , image copied from Fărcaşiu paper5
Fărcaşiu obtained ∆δ0 for the same mixtures of water and sulfuric acid as in Ham-
mett’s study. As expected, as the concentration of H2SO4 increased, so did ∆δ0.
While it was possible for him to set up a new acidity function, Fărcaşiu decided
not to add to the many acidity functions that already existed in literature, instead
he calibrated his results with the well-known Hammett’s H0 values for H2O−H2SO4
mixtures. Upon doing this, a curve was observed (Fig. 2.58).
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Figure 2.58.: Plot of ∆δ0 vs H0 of H2O−H2SO4 mixtures, reproduced from
Fărcaşiu’s paper5
Due to the insolubility of mesityl oxide in water, it was impossible for Fărcaşiu to get
∆δ0 values for mixtures of less than 50% H2SO4. Thus his data covered the range
of H0 from -3.39 to -12. This is rather intriguing because that is an enormous range
to be covered by a single base probe. Upon closer inspection, Fărcaşiu determined
that the pKa of mesityl oxide is equal to -4.4 ± 0.4 (his method of obtaining this
pKa value will be explained in the next section), which means that the highest
acidity that mesityl oxide can measure (one that would protonate 99% of mesityl
oxide) should have H0 ≈ −6.5. Nevertheless, the curve continues to rise up to 100%
H2SO4. This observation was rationalized by a fast, reversible protonation of the
cation to form a dication106 (Fig. 2.59). A second protonation had previously been
observed in other indicators in studies of superacidic strength.96,97 In this manner,
mesityl oxide was able to respond to a much wider range of acidity than expected.
OH OH2
HA
Figure 2.59.: Second protonation of mesityl oxide
After the establishment of the calibration curve, Fărcaşiu moved on to investigate its
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use in determining H0 for other acidic solutions. He found excellent agreement be-
tween his values and literature values for perchloric acid - water solutions (Fig. 2.60).
His work then expanded to solutions whose H0 values were difficult to obtain by UV
measurement, or where the H0 values published may be in doubt, such as concen-
trated phosphoric acid, boron trifluoride hydrates, Lewis acid-Bronsted acid com-
plexes and acidic surfaces (all can be found in his article5). With some, he was
able to translate his ∆δ0 values to H0 values, while with others, ones that fall out-
side the calibration limits of the H2O−H2SO4 system, he quoted ∆δ0 as a direct
measurement of acidity.
’
Figure 2.60.: Comparison of H0 values obtained with ∆δ0 parameter for HClO4
with literature values from6, image copied from Fărcaşiu’s paper
It is important to mention that Fărcaşiu’s 13C NMR method is a secondary method
of acidity measurement, using Hammett’s UV measurement as the primary method.
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2.7.2. Applying the NMR technique into ionic liquids
Judging from Fărcaşiu’s paper, it seems that his NMR technique is a relatively
simple and quick way to quantify acidity. In this section, this method will be
investigated with the [HSO4]
− ionic liquid mixtures with sulfuric acid. However,
since the entire calibration curve from Fărcaşiu’s study was based on H2O-H2SO4
mixtures, there is a concern on whether or not it would work in ionic liquids. While
the H2O-H2SO4 mixtures only exert protonation on mesityl oxide, there might be
non-acid related interactions between the ionic liquids and mesityl oxide that could
make the whole system invalid.
To each of the [C4C1im][HSO4] and [HC4im][HSO4] ionic liquid mixtures with H2SO4
that were made in the previous section, mesityl oxide was added to make between
four and six diferent concentrations from 1% to around 7% w/w (see the synthesis
section for sample preparations). These samples were then transferred to NMR
tubes for 13C-NMR spectra (with external DMSO-d6 standard). Fig. 2.61 shows
an example spectrum of mesityl oxide in [C4C1im][HSO4] + 60%H2SO4. A plot
of ∆δ vs. concentration of mesityl oxide was plotted. A best fit line was drawn
and extrapolated to the y-axis to collect the ∆δ0 value that corresponds to zero
concentration of mesityl oxide. Fig. 2.62 shows an example of such a plot.
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Figure 2.61.: 13C NMR spectrum with assignments of mesityl oxide in
[C4C1im][HSO4] + 60%H2SO4 with external DMSO-d6
Figure 2.62.: Determination of ∆δ0 of mesityl oxide in [C4C1im][HSO4] +
60%H2SO4
118
2.7 Measuring acidity using an NMR probe - mesityl oxide
2.7.2.1. Results and discussion
Mesityl oxide dissolved readily in the hydrogensulfate ionic liquid - sulfuric acid
mixtures, across the whole range. In each spectrum, signals of both the ionic liquid
and mesityl oxide can be seen (Fig. 2.61). It was observed that at less than 1% w/w
concentration, the signal for the mesityl oxide would be lost in the background.
However, at concentrations higher than that, the peaks for mesityl oxide can be
comfortably identified.
Table. 2.28 to Table. 2.41 show the concentrations of mesityl oxide and the corre-
sponding ∆δ values for the [HSO4]
− ionic liquid-sulfuric acid mixtures.
Table 2.28.: ∆δ values for pure [C4C1im][HSO4] ionic liquid
[Mesityl oxide] (weight%) 2.4 3.49 4.05 4.49 7.71 5.51
∆δ (ppm) 31.01 31.03 30.94 30.96 30.88 30.93
Table 2.29.: ∆δ values for [C4C1im][HSO4] + 33% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.83 3.7 5.07 5.52
∆δ (ppm) 38.45 37.58 37.33 36.99
Table 2.30.: ∆δ values for [C4C1im][HSO4] + 50% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 2.72 4.68 6.22 8.46
∆δ (ppm) 60.51 57.34 55.01 51.77
Table 2.31.: ∆δ values for [C4C1im][HSO4] + 60% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 3.72 4.25 4.76 6.61 6.92 7.02
∆δ (ppm) 69.58 69.16 68.76 67.11 66.81 66.67
Table 2.32.: ∆δ values for [C4C1im][HSO4] + 66% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 2.77 4.73 6.63 8.24
∆δ (ppm) 72.71 71.84 70.86 69.87
Table 2.33.: ∆δ values for [C4C1im][HSO4] + 71% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.23 1.95 3.29 4.00 4.75 6.61
∆δ (ppm) 74.84 74.59 74.13 73.89 73.65 72.91
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Table 2.34.: ∆δ values for [C4C1im][HSO4] + 80% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.12 1.14 3.86 5.03 7.86
∆δ (ppm) 77.15 77.12 76.57 76.03 75.54
Table 2.35.: ∆δ values for [C4C1im][HSO4] + 92% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.19 2.16 3.02 3.15 5.67
∆δ (ppm) 79.79 79.62 79.45 79.41 78.85
Table 2.36.: ∆δ values for pure [HC4im][HSO4] ionic liquid
[Mesityl oxide] (weight%) 1.63 2.04 2.38 4.19 5.23 7.67
∆δ (ppm) 32.09 32.07 32.04 31.96 31.93 31.82
Table 2.37.: ∆δ values for [HC4im][HSO4] + 36% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 2.2 3.03 4.21 5.16
∆δ (ppm) 43.32 42.6 41.68 40.92
Table 2.38.: ∆δ values for [HC4im][HSO4] + 71% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.95 2.55 2.97 3.32 4.51 6.15
∆δ (ppm) 73.31 73.08 72.96 72.81 72.36 71.66
Table 2.39.: ∆δ values for [HC4im][HSO4] + 75% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 0.61 1.07 1.84 4.98
∆δ (ppm) 76.26 76.09 75.87 74.96
Table 2.40.: ∆δ values for [HC4im][HSO4] + 84% H2SO4 ionic liquid mixture
[Mesityl oxide] (weight%) 1.22 2.05 2.62 3.51
∆δ (ppm) 78.16 77.94 77.8 77.55
Table 2.41.: ∆δ values for pure sulfuric acid
[Mesityl oxide] (weight%) 1.13 1.73 3.13 3.14
∆δ (ppm) 80.81 80.69 80.58 80.59
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Table. 2.42 and Table. 2.43 show ∆δ0 values for mixtures of [C4C1im][HSO4] and
[HC4im][HSO4] with H2SO4 along with the R2 values, the standard errors and the
slopes of the best-fit line of each estimation of ∆δ0.
Table 2.42.: ∆δ0 values for [C4C1im][HSO4] and H2SO4 mixtures, along with the
slope and R-square values of the best-fit line of each graph.
%H2SO4 ∆δ0 (ppm) R2 Standard error of ∆δ0* slope
0 31.08 0.814 0.03 -0.027
33 39.08 0.967 0.21 -0.370
50 64.54 0.999 0.18 -1.520
60 72.89 0.999 0.08 -0.879
66 74.21 0.995 0.16 -0.518
71 75.30 0.998 0.03 -0.356
80 77.41 0.981 0.09 -0.245
92 80.07 0.997 0.02 -0.212
100 80.90 0.941 0.04 -0.101
* Standard errors of ∆δ0 are the errors of the intercept of the plots of ∆δ against concentration of
mesityl oxide, using regression analysis
Table 2.43.: ∆δ0 values for [HC4im][HSO4] and H2SO4 mixtures, along with the
slope and R-square values of the best-fit line of each graph.
%H2SO4 ∆δ0 (ppm) R2 Standard error of ∆δ0* Slope
0 32.15 0.997 0.01 -0.043
36 45.07 1.000 0.05 -0.806
65 72.12 0.995 0.08 -0.526
71 74.10 0.998 0.03 -0.392
75 76.42 0.999 0.01 -0.294
84 78.48 1.000 0.01 -0.264
100 80.90 0.941 0.04 -0.101
* Standard errors of ∆δ0 are the errors of the intercept of the plots of ∆δ against concentration of
mesityl oxide, using regression analysis
It was obvious that as the acidity of the ionic liquid mixtures increases, so does the
value of ∆δ0, just like in Fărcaşiu’s paper.
Significance of the slopes s of the correlation between ∆δ values and con-
centrations of mesityl oxide - Determination of the pKa value of mesityl oxide
Fărcaşiu measured the pKa of mesityl oxide by plotting the slopes s, obtained by
121
2.7 Measuring acidity using an NMR probe - mesityl oxide
plotting ∆δ vs [mesityl oxide] for each water-sulfuric acid mixture, against H0 val-
ues. As explained before, higher concentrations of mesityl oxide led to a reduction
in the overall acidity, i.e. a reduction in ∆δ. The question is how much does ∆δ
change with increasing concentration of mesityl oxide? Fărcaşiu explained that, in
strong acids where there is enough excess acidity to protonate the indicator fully,
i.e. s is small, because the concentration of mesityl oxide is much smaller than the
acid in the solutions. In very weak acids, s is also small because in these solutions
the indicator is only interacting with the solvent by hydrogen-bonding, which is not
strong enough to distort the acidity of the solutions. This means that, the slope of
∆δ against [mesityl oxide] should be the steepest at the acidity where the base is
half-converted. Fărcaşiu’s plots of s against H0 of aqueous solutions of various acids
proved his theory (Fig. 2.63); the slope s is smallest at the two ends of the graph,
and steepest at around H0 = −4.4, the same for all of the five acids inspected. This
was how Fărcaşiu determined the pKa of mesityl oxide, because at half-protonation,
the last term of eqn. 2.7.2 is cancelled, making pKa equal to (H0)1/2.
H0 = pKa − log
(
[BH+]
[B]
)
(2.7.2)
(H0)1/2 = pKa
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Figure 2.63.: Variation of the slopes of the linear correlations between ∆δ and
[mesityl oxide] against H0 values measured by UV spectroscopy, image copied
from Fărcaşiu’s paper5
Upon plotting the slope s values against the H0 values that have been obtained by
UV spectroscopy for the [C4C1im][HSO4]-H2SO4 and [HC4im][HSO4]-H2SO4 mix-
tures, a similar graph appeared (Fig. 2.64). This means that the pKa of mesityl
oxide in [HSO4]
− ionic liquid-sulfuric acid mixtures is the same as in water-sulfuric
acid mixtures.
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Figure 2.64.: Variation of the slopes of the linear correlation of ∆δ vs
[mesityl oxide] against H0 measured using UV spectroscopy for [C4C1im][HSO4]
and[HC4im][HSO4] + H2SO4 mixtures
Using ∆δ0 to predict H0 values The next step was to use these ∆δ0 values and
Fărcaşiu’s method to deduce their corresponding H0 values and compare them with
the H0 values that have been obtained from Hammett’s dyes. Plotting a similar
graph to Fărcaşiu’s calibration curve (Fig. 2.58) for the ionic liquid-sulfuric acid
mixtures shows that the data points for the ionic liquids lie closely to Fărcaşiu’s
calibration curve (Fig. 2.65), except for the two data points for the pure ionic liquids,
which are outside the range measured by Fărcaşiu. The reason the data sets are so
close together is due to mesityl oxide having the same pKa values in these solutions,
as shown in the section above.
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Figure 2.65.: Fărcaşiu’s calibration curve and the data points for the ionic liquid-
sulfuric acid mixtures
Fărcaşiu used the calibration curve from his H2O-H2SO4 mixtures to measure the H0
values of other acidic systems. His method will be recreated here. The data points
(H0 against ∆δ0) for the [C4C1im][HSO4]-H2SO4 system will serve as calibration
points. The resulting calibration curve will then be evaluated using the ∆δ0 values
of the [HC4im][HSO4]-H2SO4 mixtures.
The relationship between H0 and ∆δ0 can be worked out from the definition of H0
and ∆δ0. Eqn. 2.7.2 relates H0 with the ratio of [BH
+]
[B] :
H0 = pKa − log
(
[BH+]
[B]
)
(2.7.2)
125
2.7 Measuring acidity using an NMR probe - mesityl oxide
Rearranging eqn. 2.7.1 gives:
[BH+]
[B] + [BH+]
= (δav − δB)(δBH+ − δB)
(2.7.1)
[BH+]
[B] =
(δav − δB)
(δBH+ − δav)
In which δB and δBH+ are the chemical shift of the acid indicator when it is completely
unprotonated or completely protonated, δav is the observed chemical shift when the
indicator is partially protonated. This equation applies for any average chemical
shift, thus it is applicable for the ∆δ0 values, i.e.:
[BH+]
[B] =
(∆δ0av −∆δ0B)
(∆δ0BH+ −∆δ0av)
(2.7.3)
Substituting eqn. 2.7.3 into eqn. 2.7.2 gives:
H0 = pKa − log
 (∆δ0av −∆δ0B)
(∆δ0BH+ −∆δ0av)
 (2.7.4)
The pKa value of mesityl oxide, as determined in the section above, is about −4.4.
The ∆δ0B and ∆δ0BH+ at the present are unknown parameters. Unfortunately, at-
tempts to fit a curve to the H0-∆δ0 values of [C4C1im][HSO4]-H2SO4 using eqn.
2.7.4 failed to produce a good match. Fig. 2.66 shows the best-fit curve produced
by a curve fitting software (Origin® 7.0).
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Figure 2.66.: Plots of H0 against ∆δ0 of mixtures of [C4C1im][HSO4] and [H2SO4]
with curve fitting using eqn. 2.7.4
That eqn. 2.7.4 failed to describe Fig. 2.66 can be due to several reasons. The first
one is the assumption that the ∆δ0av value is only affected by the concentrations of
[B] and [BH+], which is slightly presumptuous. Chemical shifts are the results of
many interactions and even though ∆δ0 is meant to cancel the interactions of the
carbons in the same molecule with the surrounding environment, it is by no means
absolute. The second reason is the possibility of the second protonation step of
mesityl oxide happening at the same time as the first protonation step, altering eqn.
2.7.4.
Thus a normal smoothing function was used to connect the points. Obviously, this
means that the resulting calibration curve would only be valid for interpolation, ex-
trapolation outside the range of the calibration would have to be done with caution.
Fig. 2.67 shows the resulted calibration curve.
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Figure 2.67.: Calibration curve using data from mixtures of [C4C1im][HSO4] and
[H2SO4]
The ∆δ0 values found for the [HC4im][HSO4]-sulfuric acid mixtures were then read
off the calibration curve to give their corresponding H0 values.
Table 2.44.: ∆δ0 of [HC4im][HSO4] + H2SO4 mixtures and their prediction of H0
values using [C4C1im][HSO4]-H2SO4 calibration curve as compared to H0 values
obtained by UV spectroscopy
H2SO4 mol% ∆δ0 (ppm) Predicted H0 H0 measured by UV Difference in H0
0 32.15 1.09 1.73 0.64
36 45.07 -4.15 -2.84 1.31
65 72.12 -6.43 -7.23 0.80
71 74.10 -7.20 -7.26 0.06
75 76.42 -8.36 -8.10 0.26
84 78.48 -9.64 -8.70 0.94
100 80.90 -11.46 -11.03 0.41
As shown in Table. 2.44, the H0 values obtained by mesityl oxide agree really well
with the H0 obtained by Hammett’s dyes (the differences in H0 values are all smaller
than 1.5 unit). Fig. 2.68 shows the plot of H0 values obtained by the two methods.
The gradient is close to 1 and the intercept is close to zero, confirming the good
agreement between the H0 values obtained by Hammett’s dyes and by mesityl oxide.
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Figure 2.68.: Plot of H0 values obtained by UV against H0 values obtained by
NMR
As mesityl oxide has similar pKa in ionic liquids and in aqueous solutions of H2SO4,
I also tried to use Fărcaşiu’s calibration curve to convert the ∆δ0 values of mix-
tures of [C4C1im][HSO4] and [HC4im][HSO4] with H2SO4 to H0 values. Using the
same procedure as in the calibration of [C4C1im][HSO4]-H2SO4, the data points in
Fărcaşiu’s paper were connected with a curve (Fig. 2.69).
Figure 2.69.: Fărcaşiu’s calibration curve of H0 vs ∆δ0 with a best fit line fitted
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The H0 values of [C4C1im][HSO4] and [HC4im][HSO4] with H2SO4 were then read off
the curve using their ∆δ0 values. Table. 2.45 and Table. 2.46 show the comparative
results. It is not possible to obtain H0 values for ∆δ0 values of less than 45ppm
because these are outside the range of Fărcaşiu’s calibration curve. For other con-
centrations of H2SO4, the H0 values obtained by NMR match well with the H0 values
obtained by Hammett’s dyes. Fig. 2.70 shows the plot of H0 values obtained by the
two methods compared together. The gradients are close to 1 and the intercepts
are close to zero, confirming the agreement of the H0 values obtained by the two
methods.
Table 2.45.: ∆δ0 of [C4C1im][HSO4] + H2SO4 mixtures and their prediction of H0
values using Fărcaşiu’s calibration curve as compared to H0 values obtained by
UV spectroscopy
H2SO4 mol% ∆δ0 (ppm) Predicted H0 H0 measured by UV Difference in H0
0 31.08 n/a 1.93 n/a
33 39.08 n/a -2.66 n/a
50 64.51 -5.03 -4.81 0.22
60 72.89 -6.61 -6.77 0.16
66 74.21 -6.98 -7.01 0.03
71 75.30 -7.37 -7.99 0.62
80 77.33 -8.40 -8.58 0.18
92 80.07 -10.76 -11.30 0.54
100 80.90 -11.79 -11.03 0.05
Table 2.46.: ∆δ0 of [HC4im][HSO4] + H2SO4 mixtures and their prediction of H0
values using Fărcaşiu’s calibration curve as compared to H0 values obtained by
UV spectroscopy
H2SO4 mol% ∆δ0 (ppm) Predicted H0 H0 measured by UV Difference in H0
0 32.15 n/a 1.73 n/a
36 45.07 -2.90 -2.84 0.06
65 72.12 -6.40 -7.23 0.83
71 74.10 -6.90 -7.26 0.36
75 76.42 -7.90 -8.10 0.2
84 78.48 -9.20 -8.70 0.5
100 80.90 -11.79 -11.03 0.05
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Figure 2.70.: Plot of H0 values obtained by UV against H0 values obtained by
NMR
Evaluation There are more data points in Fărcaşiu’s calibration curve than the
[C4C1im][HSO4]-H2SO4 calibration curve. However, the [C4C1im][HSO4]-H2SO4 is
clearly superior in its working range, covering a wider range of acidity than Fărcaşiu’s
calibration curve. One would have predicted that the H0 values would flatten out
at the low concentrations of acid looking at Fărcaşiu’s calibration curve (Fig. 2.69).
It is of course a wrong conclusion, since a sigmoid shape is observed in the wider
range [C4C1im][HSO4]-H2SO4 curve (Fig. 2.67).
In comparison to the original Hammett’s method, the preparation of NMR samples
were much more straight-forward. The advantage of using a single acid probe is
enormous. So much time was saved from all the lengthy trials choosing the right
Hammett base and making the right concentration. Furthermore, from a practical
point of view, measuring weight is much easier than volume, especially so with vis-
cous media under a N2 atmosphere; and while it is crucial to get the exact volume
to obtain the molL−1 concentration for Hammett’s bases, with the NMR method,
a w/w % concentration is good enough for mesityl oxide. The relatively high con-
centration of mesityl oxide was also found to have an unexpected bonus, in that
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it is much more resilient towards impurities. In fact on mixing mesityl oxide with
the ionic liquid-H2SO4 mixtures, an orange-brownish colour occurred, which would
have been intolerable in UV spectroscopy, but in fact shows no effect on the signals
of mesityl oxide in 13C-NMR. Furthermore, the NMR method appeared resistant to
small amount of water, as the spectra showed no changes after 24 hours of exposure
to normal atmosphere.
The methodology of using mesityl oxide to measure the acidity of ionic liquids is
now complete. Not only did the ∆δ0 values follow the same trend as the acidity,
translation of ∆δ0 values to H0 values also produced matching results to the H0
values obtained by Hammett’s dyes. To summarize the methodology, measurement
of the acidity of a solution involves 4 simple steps:
Step 1: Six samples of the solution of interest are made up with mesityl oxide (1-7%
w/w)
Step 2: 13C NMR spectra of the six samples are recorded and their ∆δ values are
recorded
Step 3: Extrapolation of the ∆δ values to zero concentration of mesityl oxide pro-
duces ∆δ0
Step 4: Using [C4C1im][HSO4]-H2SO4 calibration curve, the H0 value of the solution
is obtained
Limitation The acidity range covered by [C4C1im][HSO4]-H2SO4 curve is limited to
1.93 to -11.3 in H0 units. However, translation to H0 at the high acid concentrations
might be limited to the maximum value of ∆δ0 in the calibration against H0, but
that does not necessarily mean that ∆δ0 stops responding with acidity stronger than
H0 = −11.3; dication formation allows ∆δ0 to continue to rise, as explained before
in sec. 2.7.1.
There are situations where mesityl oxide decomposes. In this study, when tested
with [C4C1im]Cl and HCl mixtures, mesityl oxide completely reacted with the nu-
cleophilic Cl− to give 4-chloro-4-methylpent-2-one (Fig. 2.71). Thus this method is
not suitable when strong nucleophiles are present.
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Mesityl oxide 4-chloro-4-methylpent-2-one
13C NMR (100Mhz, DMSO-d6 ) 4-chloro-4-methylpent-2-one δ 205.73 (C=O), 55.80 (C-Cl), 35.98
(CH3CO), 31.73 (CH2), 31.55 (CH3CCl).
Figure 2.71.: Decomposition of mesityl oxide in presence of Cl−
2.8. Conclusion
In this chapter, successful measurements of the Hammett acidity function (H0) of two
ionic liquids, [C4C1im][HSO4] and [HC4im][HSO4] and their mixtures with sulfuric
acid were demonstrated. It was found that these ionic liquids have very similar
acidity, ranging from H0 of 2 to -11.3. Plots of H0 against the mol% concentration
of H2SO4 show linear correlations for both systems.
H0 measurements of dilute solutions of these ionic liquids with acetonitrile and water
were also carried out. Estimation of the H0 values of undiluted ionic liquids from
these dilute solutions showed poor agreement with the H0 values measured by UV;
more so in water than in acetonitrile, due to a higher leveling effect of water.
H0 prediction using Fărcaşiu’s 13C NMR method has excellent agreement with the
H0 values obtained from UV spectroscopy. Thus this method has great potential
to replace the long and arduous UV spectroscopy process. The replacement of
many Hammett bases with one single NMR probe is a real time-saver; furthermore,
the NMR probe is much more resilient to impurities than the Hammett’s bases.
Nevertheless, one ought to remember that this method is a secondary method built
on Hammett’s water-sulfuric acid system.
Finally, it is important to recall that all of these methods were based on the water-
sulfuric acid system; and H0 acidity function is developed from infinitely dilute
aqueous solutions, and thus a relative scale, not an absolute one. Nevertheless,
thanks to the popularity of the Hammett’s principle, H0 has become almost pivotal
in expressing acidity that one can quote H0 and be certain that it will be understood
without much explanation of the originality of the function.
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2.9. Further work
The linear relationship between the H0 values and the molar concentration of H2SO4
in mixtures of [HSO4]
− ionic liquids H2SO4 is truly fascinating. It would be inter-
esting to test if other ionic liquid mixtures with their conjugated acids behave in
the same way (e.g. [C4C1im]Cl with HCl or [C2C1im]OAc with AcOH). If they do,
then the H0 values for these mixtures could be worked out with ease. For a linear
line, only two data points are needed to establish the formula. This means that for
each series of mixtures, only two measurements with Hammett’s dyes are needed to
establish the relationship. The H0 value of any other composition of the acid can
then be worked out from the formula, without having to go through the hassle of
using Hammett’s dyes.
Mesityl oxide has been shown to work exceptionally well in measuring the acidity
of ionic liquids. Further work could be done in exploring its use in other acidic
ionic liquids or ionic liquid solutions of acids. At the moment, the upper and lower
limits of the calibration curve (the working range of mesityl oxide) are 1.93 and
-11.3 respectively. Further work can be done in finding ionic liquids or ionic liquid
solutions of strong acids (for example, HNTf2 in [C4C1im][NTf2]) to extend the
working range of mesityl oxide.
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Chapter 3.
Ionic liquids as dual solvent and
nucleophile in nucleophilic
substitution reactions
3.1. Ionic liquids as solvents for nucleophilic
substitution reactions
Ionic liquids have been used for many types of reactions.29,33 Of these, nucleophilic
substitution reactions have received substantial interest, not only because of the
importance of these reactions in organic synthesis, but also because of their ability
to probe solvent-solute interactions. Pioneering work by Hughes and Ingold107–111
showed that the rates of reactions are dependent on the charge compatibility between
the reactants and the solvents, as follows:
• Increasing solvent polarity increases the rate of reactions in which the charge
density of the transition state is higher than that of the reactants.
• Increasing solvent polarity decreases the rate of reactions in which the charge
density of the transition state is lower than that of the reactants.
• Increasing solvent polarity has no effect on the rate of reactions in which the
charge density of the transition state is the same as that of the reactants.
Ionic liquids are considered polar, with Kamlet-Taft pi∗ values around 1, similar to
aprotic polar molecular solvents such as DMSO (pi∗ = 1). Therefore, they should
increase the rate of reactions in which the charge density of the transition state is
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higher than that of the reactants. Their expected influences on the reaction rates of
different combinations of nucleophiles and electrophiles are listed in Table. 3.1.
Table 3.1.: Effects of polar solvents on nucleophilic substitution reactions17
Type Reactants Transition state Change in charge
density
Effect of polar
solvents on rate
SN2 X + RY Xδ+—R—Yδ− formation of charge large increase
SN2 X− + RY Xδ−—R—Yδ− dispersal of charge small decrease
SN2 X + RY+ Xδ+—R—Yδ+ dispersal of charge small decrease
SN2 X− + RY+ Xδ−—R—Yδ+ reduction of charge large decrease
SN1 R-X Rδ+—Xδ− formation of charge large increase
SN1 R-X+ Rδ+—Xδ+ dispersal of charge small decrease
It turned out that most reactions in ionic liquids behave the same way as in polar
solvents. Most reaction rates can be correlated to the Kamlet-Taft parameters of
the ionic liquid solvents (pi∗, α and β) using LSER (Linear Solvation Energy Rela-
tionship) analysis.33 It was seen that in many reactions, negative linear correlations
between the rates and the α values (hydrogen bond acidity) of the solvents were ob-
served. As mentioned in chapter 1, the hydrogen-bond acidity of ionic liquids comes
mostly from the cations. This negative correlation happens when the cations of the
ionic liquids form hydrogen-bonds with the nucleophiles, making them less active to-
wards the electrophiles. Other effects on rates not related to the Kamlet-Taft values
include slowing down of reactions due to the slow diffusion rate of reactants (because
of the high viscosity of the ionic liquids) and the slow structural reorganization of
the ionic liquid molecules surrounding the reaction site.
The fact that ionic liquids are made entirely of ions does not appear to have much
effect most of the time.112,113 So far there has only been one report of a reaction
that behaved qualitatively differently in ionic liquids than in molecular solvents.114
In this paper, a substitution reaction between a sulfonium salt and a chloride ion
was reported in various types of solvents (eqn. 3.1.1).
[p−NO2PhSMe2]+ + Cl− −→ p−NO2PhSMe + MeCl (3.1.1)
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Results in this paper showed a SN2 mechanism and a pseudo-first order dependence
on the chloride concentration in ionic liquids.114 In contrast, in non-polar molecular
solvents, the same reactants caused instant precipitation of the sulfonium chloride
salt and an apparently negative order with respect to the chloride concentration.
In hydrogen-bonding solutions such as water and methanol, the reactions did not
proceed at all because the solvent molecules formed strong hydrogen-bonds to the
chloride ions, rendering them inactive towards nucleophilic substitution. In other
polar solvents, the reaction rate did not show pseudo-first order relationship with the
chloride ion. The authors suggested that the ionic liquids offered super-dissociating
media for the salts, wherein all ions, the solute ions and the constituent ions of the
ionic liquids, were spread out randomly and uniformly. This allowed the reactants
to follow a proper SN2 mechanism. In constrast, in non-hydrogen bonding molecular
solvents, the salt ions gather together as neutral clusters, causing the rate equation
to deviate away from a pseudo-first order relationship. A recent article by the same
group provided further proof for this statement.115 Results from this paper showed
that the Gibbs free energy (∆G) of the ion metathesis reaction, in which one ion
of the ionic liquid solvent was switched with an ion from a salt dissolved in it (eqn.
3.1.2), was zero. This means that once dissolved, the salt ions can move freely across
the ionic liquid solvents without incurring any energy penalty, allowing them to be
completely dissociated.
[Py]I + [C4C1im][OTf] −−⇀↽− [Py][OTf] + [C4C1im]I; ∆G = 0 (3.1.2)
In which [Py] = pyridinium. To sum up, for most processes, ionic liquids behave the
same way as molecular polar solvents. Special ionic liquid effects were only recorded
for reactions in which salts were dissolved in ionic liquids. This effect comes about
because the ionic liquids are super-dissociating with regards to salts, an ability that
molecular solvents are incapable of.
3.2. Ionic liquids as nucleophiles
Nucleophiles are species that contain an accessible lone pair of electrons, to donate
to an electrophile. In essence, the anions of ionic liquids are nucleophiles, since
they are negatively charged. However, most ionic liquids are weak nucleophiles.
As mentioned in chapter 1, in order to reduce the lattice energy between the ions
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so that the ionic liquids can be liquid at room temperature, charges are usually
delocalized throughout the ions, making the anions weak nucleophiles. Neverthe-
less, there are some strong nucleophilic anions such as Cl−, Br−, I−, [CH3COO]
−
or [SCN]−. Ionic liquids that contain these anions were reported to successfully
react with p-nitrobenzenesulfonate (Fig. 3.1), both in molecular and ionic liquid
solvents.112,116–118
O2N S
O
O
O
Me
O2N S
O
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O
[Cation]+
X-
MeX  
[Cation]+
Figure 3.1.: Nucleophilic substitution reactions between the anions of ionic liquids
and p-nitrobenzenesulfonate. X = Cl−, Br−, I−, [CH3COO]
−, [CF3COO]
− and
[SCN]−
Generally, cations are positively charged so have little nucleophilicity, however, one
article reported the interesting use of [(H2N)
2C2C1im][PF6] as an electrophile scav-
enger in a toluene/[C4C1im][PF6] biphasic system.119 Here the amine group on the
cation attacks an alkyl chloride to form [(RH2N)
2C2C1im]
2+ which is then trapped
in the ionic liquid layer.
To sum up, ionic liquids can be used as both solvents and reactants for nucleophilic
substitution reactions. This brings up an interesting question about whether or not
ionic liquids can be used as solvents and nucleophiles simultaneously.
3.3. Ionic liquids that act as both nucleophiles and
solvents
In 2005, BASF patented a process that uses ionic liquids as direct nucleophilic
reagents.14 In this process, a chloride ionic liquid is formed when methylimidazole
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reacts with a molecule of HCl to form [HC1im]Cl. This ionic liquid then absorbs
more HCl and becomes the medium for a nucleophilic substitution reaction between
the HCl and a diol (eqn. 3.3.1).
HO−(CH2)6−OH + 2 HCl
[HC1im]Cl−−−−−−⇀↽ − Cl−(CH2)6−Cl + 2 H2O (3.3.1)
As will be shown in chapter 4, HCl is incorporated into chloride ionic liquids by very
strong hydrogen bonds to the Cl− anions, forming [HCl2]
− molecules. Infrared (IR)
analysis on the composition of a similar mixture of a chloride ionic liquid with HCl
([C2C1im]Cl + HCl)16 showed that all the HCl absorbed was converted to [HCl2]
−.
Thus it is likely that the chlorination agent in the BASF process is the [HCl2]
− and
not the HCl. These [HCl2]
− ions protonated and substituted the hydroxyl group to
form the alkyl chloride. In this manner, the ionic liquid [HC1im][HCl2] was able to
act dually as the solvent and the nucleophile.
This process is potentially high in economic value, being able to convert the cheap
and inert (to substitution) hydroxyl group to the reactive chloride group, replacing
the usual methods which employ toxic chlorinating agents such as COCl2 or PCl5.
It might not be ideal with regards to volatility, since [HCl2]
− is not the most stable
anion (it releases HCl on heating). Nevertheless it does demonstrate the possibility
of using ionic liquids dually as the solvents and the nucleophiles for nucleophilic
substitution reactions. This chapter is dedicated to the discovery of more ionic
liquids that can work this way.
3.4. The ionic liquids and electrophiles chosen for
this study
3.4.1. Ionic liquids
Four types of anions were investigated in this study: chloride (Cl−), hydrogensulfate
([HSO4]
−), hydrogenphosphate ([H2PO4]
−) and acetate ([OAc]−). The ionic liquids
that contain them are [HC4im]Cl, [C4C1im]Cl, [HC4im][HSO4], [C4C1im][HSO4],
[HC4im][H2PO4] and [C2C1im][OAc]. These ionic liquids were tested first on their
own then with addition of their corresponding acids i.e. HCl, H2SO4, H3PO4 and
AcOH.
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[C2C1im][OAc] was bought from Sigma Aldrich and dried before use. Synthesis of
the remaining ionic liquids can be found in the synthesis chapter. All ionic liquids
were kept in anhydrous conditions.
3.4.2. Electrophiles
Inspired by the BASF process, in which hydroxyl groups are converted to chlorides,
alcohols were chosen as the electrophiles in this study. Alcohols are one of the cheap-
est starting materials in organic chemistry. However, in most alcohols, OH is a poor
leaving group, making it difficult to be replaced by other functional groups. In order
to make them more active towards substitution reaction, the OH must be activated,
most commonly by toxic chemicals such as PCl5 or COCl2. Therefore alternative OH
activation methods are desirable. In fact, OH activation for nucleophilic substitution
reactions was listed as a high priority in the 2010 Green Chemistry Highlights arti-
cle published by the ACS GCI PR (American Chemical Society’s Green Chemistry
Institute Pharmaceutical Roundtable).120 Should the substitution reactions using
the ionic liquids listed above succeed, alcohols would be converted to chloride, hy-
drogensulfate, hydrogenphosphate and acetate, all of which are valuable chemicals.
Furthermore, these ionic liquids provide all the typical advantages of ionic liquid
solvents i.e. non-volatile, negligible vapour pressure and certainly less toxic than
PCl5 or COCl2 (except for [HCl2]
− ionic liquids which are prone to vaporization of
HCl).
4-methylbenzyl alcohol was chosen as the electrophile for the following reasons:
1. There are no competitive elimination reactions since the Cβ is not connected
to any hydrogen.
2. Its 1H NMR spectrum is simple and easy to monitor.
3. The presence of the phenyl ring allows Hammett’s kinetic study on the mech-
anism of the reaction (sec. 3.7).
Fig. 3.2 shows the expected reaction between the 4-methylbenzyl alcohol and the
various types of ionic liquids.
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HO X
[Cation]+
X-
HX
Figure 3.2.: Expected reaction between 4-methylbenzyl alcohol and ionic liquids.
X− = Cl−, [HSO4]
−, [H2PO4]
− and [OAc]−
To each reaction flask, 4-methylbenzyl alcohol was added to the ionic liquids at
10mol% concentrations. The reaction flasks were then capped under a N2 atmo-
sphere and transferred to an oven for heating. Progress of the reactions was moni-
tored by 1H NMR using a Bruker 400MHz NMR. Conversions were calculated using
the integration ratio of the PhCH2 peak in the reactant and product. This CH2
is the closest to the reaction site, thus incurs the largest shift going from the reac-
tants to products, making it the easiest peak to monitor (∆δ ranging from 0.27 to
0.32ppm).
3.5. Results of the nucleophilic substitution reactions
in which ionic liquids were dually used as
nucleophiles and solvents
3.5.1. Chloride ionic liquids
Table. 3.2 lists the results of the nucleophilic substitution of 4-methylbenzyl alcohol
using chloride ionic liquids, in the presence and absence of additional HCl.
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Table 3.2.: Nucleophilic substitution reactions of 4-methylbenzyl alcohol with chlo-
ride ionic liquids
Ionic liquid + % acid* Temperature Time Conversion (%)
[HC4im]Cl 120°C 24h No reaction
[HC4im]Cl + 50% HCl ([HC4im][HCl2]) 120°C 24h 100
[C4C1im]Cl 120°C 24h No reaction
[C4C1im]Cl + 50% HCl ([C4C1im][HCl2]) 120°C 24h 100
*% acid quoted are the mol% of the acid as compared to the total moles of ionic liquid plus acid,
for example a 50% acid concentration is equivalent to a 1 to 1 molar ratio of ionic liquid to acid.
As can be seen in Table. 3.2, chloride ionic liquids cannot substitute the hydroxyl
group on their own. Both [HC4im]Cl and [C4C1im]Cl failed to substitute the 4-
methylbenzyl alcohol, even at high temperature. On addition of HCl, the resulting
[HC4im][HCl2] and [C4C1im][HCl2] completely converted the 4-methylbenzyl alcohol
to 4-methylbenzyl chloride. These results strongly suggest that the protonation of
the OH group is an essential step in these reactions. This is expected since OH is
a very poor leaving group. The protonation source can be provided by any strong
acid and is not limited to HCl. According to Ren, the use of H2SO4 or CH3SO3H
with [C4C1im]Cl also converted alcohols to alkyl chlorides.121
Fig. 3.3 to Fig. 3.6 show the 1H NMR spectra of these 4 ionic liquid mixtures. With-
out the HCl, the spectra of pure [HC4im]Cl and [C4C1im]Cl show no sign of 4-
methylbenzyl chloride. In contrast, in [C4C1im][HCl2] and [HC4im][HCl2], the spec-
tra show no sign of the 4-methylbenzyl alcohol starting material, only the product.
The proton of the OH group of 4-methylbenzyl alcohol is visible and showing cou-
pling with the adjacent CH2 group in pure [C4C1im]Cl (Fig. 3.5). This is remarkable
considering the lability of the proton in most OH groups. The [C4C1im]Cl ionic liq-
uid must have been really dry for this hydrogen to be seen.
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Figure 3.3.: 1H NMR spectrum of the reaction of pure [HC4im]Cl with 4-
methylbenzyl alcohol at 120°C (in d6 -DMSO). Assignments of the 4-methylbenzyl
alcohol protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im]Cl: d 8.86 (s, 1H, NCHN), 7.67 (s, 1H, NCHCHN), 7.50 (s, 1H, NCHCHN),
4.14 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.76 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2-
CH2CH3), 1.23 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 7.9Hz, 2H, CH ring), 7.11 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.27 (s, 3H, CH3).
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Figure 3.4.: 1H NMR spectrum of the reaction of [HC4im][HCl2] with 4-
methylbenzyl alcohol at 120°C (in d6 -DMSO). Assignments of the 4-methylbenzyl
chloride protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][HCl2]: d 15.20 (s, 0H), 9.32 (s, 1H, NCHN), 7.85 (s, 1H, NCHCHN), 7.70 (s,
1H, NCHCHN), 4.21 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.77 (quintet, 3JHH
7.3Hz, 2H, NCH2CH2CH2CH3), 1.21 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3),
0.87 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3).
4-methylbenzyl chloride: d 7.30 (d, 3JHH 8.0Hz, 2H, CH ring), 7.16 (d, 3JHH 7.9Hz,
2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.5.: 1H NMR spectrum of the reaction of [C4C1im]Cl with 4-methylbenzyl
alcohol at 120°C (in d6 -DMSO). Assignments of the 4-methylbenzyl alcohol pro-
tons are shown
1H NMR (400MHz, DMSO-d6 )
[C4C1im]Cl: d 9.39 (s, 1H, NCHN), 7.84 (s, 1H, NCHCH), 7.77 (s, 1H, NCHCH),
4.19 (t, 3JHH 7.2Hz, 2H, NCH2), 3.87 (s, 3H, NCH3), 3.39 (s, H2O), 1.77 (quintet,
3JHH 7.3Hz, 2H, CH2CH2CH2), 1.25 (sextet, 3JHH 7.4Hz, 2H, CH2CH2CH3), 0.90 (t,
3JHH 7.4Hz, 3H, CH2CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 7.9Hz, 2H, CH ring), 7.11 (d, 3JHH 7.9Hz,
2H, CH ring), 5.24 (t, 3JHH 5.7Hz, 1H, OH), 4.43 (d, 3JHH 5.6Hz, 2H, CH2), 2.27 (s,
3H, CH3).
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Figure 3.6.: 1H NMR spectrum of the reaction of [C4C1im][HCl2] with 4-
methylbenzyl alcohol at 120°C (in d6 -DMSO). Assignments of the 4-methylbenzyl
chloride protons are shown
1H NMR (400MHz, DMSO-d6 )
[C4C1im][HCl2]: d 12.97 (s, 1H, [HCl2]
−), 9.62 (s, 1H, NCHN), 7.89 (s, 1H, NCHCH),
7.80 (s, 1H, NCHCH), 4.09 (t, 3JHH 7.0Hz, 2H, NCH2), 3.78 (s, 3H, NCH3), 1.59
(quintet, 3JHH 7.1Hz, 2H, CH2CH2CH2), 1.03 (sextet, 3JHH 7.2Hz, 2H, CH2CH2CH3),
0.66 (t, 3JHH 7.3Hz, 3H, CH2CH3).
4-methylbenzyl chloride: d 7.13 (d, 3JHH 7.7Hz, 2H, CH ring), 6.98 (d, 3JHH 7.7Hz,
2H, CH ring), 4.59 (s, 2H, CH2), 2.08 (s, 3H, CH3).
3.5.2. Hydrogensulfate ionic liquids
Table. 3.3 lists the results of the nucleophilic substitution of 4-methylbenzyl alco-
hol using hydrogensulfate ionic liquids, in the presence and absence of additional
H2SO4. The effect of addition of 1-butylimidazolium to [HC4im][HSO4] which pro-
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duces [SO4]
2− ions (eqn. 3.5.1) was also tested.
[HSO4]
− + C4im −→ [HC4im]+ + [SO4]2− (3.5.1)
Table 3.3.: Nucleophilic substitution reactions of 4-methylbenzyl alcohol with
[HSO4]
− ionic liquids
Ionic liquid + % acid* Temperature Time Conversion (%)
[HC4im][HSO4] 120°C 24h 92
[HC4im][HSO4] + 6mol%
H2SO4
120°C 24h 74
[HC4im][HSO4] + 10mol%
1-butylimidazolium
120°C 24h 69
[C4C1im][HSO4] 120°C 24h 91
[C4C1im][HSO4] + 6mol%
H2SO4
120°C 24h 42
*% acid quoted are the mol% of the acid as compared to the total moles of ionic liquid plus acid,
for example a 50% acid concentration is equivalent to a 1 to 1 molar ratio of ionic liquid to acid.
In contrast to the results of chloride ionic liquids, hydrogensulfate ionic liquids can
substitute 4-methylbenzyl alcohol in the absence of additional acids. At room tem-
perature, pure [HC4im][HSO4] and pure [C4C1im][HSO4] have Hammett H0 values
of 1.73 and 1.97 respectively (see chapter 2). The acidity comes from the hydrogen
of [HSO4]
−, whose pKa in water is around 2. The lower H0 value of [HC4im][HSO4]
is a result of a higher concentration of [HSO4]
− per unit volume of ionic liquid than
in [C4C1im][HSO4]. Their H0 values at 120°C were not measured but generally it
is expected that acidity is higher at elevated temperatures. This is the fundamen-
tal difference between hydrogensulfate ionic liquids and chloride ionic liquids; the
former ones are intrinsically acidic, thus can protonate and initiate the nucleophilic
substitution reactions. In other words, the [HSO4]
− has acted as both the acid
and the nucleophile. When 10mol% of 1-butylimidazolium was added, the reaction
still proceeded but with a lower yield, because the concentration of the [HSO4]
−
anion had been reduced. Thus even though [HSO4]
− is a weaker acid than H2SO4
and HCl, it was strong enough to initiate this substitution reaction. Addition of
H2SO4 apparently reduced the yield, probably due to the presence of water. Even
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though intense drying was done for this ionic liquid mixture prior to reacting with
the 4-methylbenzyl alcohol, it is likely that the high hydrophilicity of H2SO4 had
prevented the complete removal of water. Another possible explanation is that the
sulfuric acid had made the [HSO4]
− ions less nucleophilic by forming hydrogen bonds
with them. However, kinetic measurements of the reactions between [HC4im][HSO4]
and various kinds of benzyl alcohols show higher rates in the presence of H2SO4 (see
sec. 3.7) i.e. the acid did not slow the reactions down. Therefore the water residue
in the ionic liquid must be the reason why the yields were lower when H2SO4 was
added.
The product, alkyl hydrogensulfate, is an excellent building block, because [HSO4]
−
is a good leaving group and can be replaced to form more complicated molecules.
From an economic point of view, the time taken to synthesize [HC4im][HSO4] is
much shorter than most ionic liquids, requiring only the mixing of H2SO4 with
1-butylimidazolium. This ionic liquid is also very stable and non-volatile (unlike
[HCl2]
− ionic liquids). Thus this reaction could be the new generation of OH activa-
tion methodologies. Fig. 3.7 to Fig. 3.11 show the 1H NMR spectra of these 5 ionic
liquid mixtures.
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Figure 3.7.: 1H NMR spectrum of the reaction of pure [HC4im][HSO4] with 4-
methylbenzyl alcohol (in d6 -DMSO). Assignments of the 4-methylbenzyl alcohol
and 4-methylbenzyl hydrogensulfate protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][HSO4]: d 9.08 (s, 1H, NCHN), 7.78 (s, 1H, NCHCHN), 7.66 (s, 1H, NCHCHN),
4.19 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.77 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2-
CH2CH3), 1.24 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogensulfate: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH
7.8Hz, 2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.8.: 1H NMR spectrum of the reaction of [HC4im][HSO4] + 6mol% H2SO4
with 4-methylbenzyl alcohol (in d6 -DMSO). Assignments of the 4-methylbenzyl
alcohol and 4-methylbenzyl hydrogensulfate protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][HSO4]: d 14.34 (s, broad, H2SO4), 9.15 (s, 1H, NCHN), 7.80 (s, 1H,
NCHCHN), 7.69 (s, 1H, NCHCHN), 6.41 (s, broad, [HSO4]
−), 4.20 (t, 3JHH 7.2Hz,
2H, NCH2CH2CH2CH3), 1.78 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2CH2CH3), 1.23
(sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 7.9Hz, 2H, CH ring), 7.14 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogensulfate: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.14 (d, 3JHH
7.8Hz, 2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.9.: 1H NMR spectrum of the reaction of [HC4im][HSO4] + 1-
butylimidazolium with 4-methylbenzyl alcohol (in d6 -DMSO). Assignments of the
4-methylbenzyl alcohol and 4-methylbenzyl hydrogensulfate protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][HSO4]: d 8.87 (s, 1H, NCHN), 7.69 (s, 1H, NCHCHN), 7.55 (s, 1H, NCHCHN),
4.15 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.76 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2-
CH2CH3), 1.23 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH 7.8Hz,
2H, CH ring), 4.44 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogensulfate: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH
7.8Hz, 2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.10.: 1H NMR spectrum of the reaction of [C4C1im][HSO4] with 4-
methylbenzyl alcohol (in d6 -DMSO). Assignments of the 4-methylbenzyl alcohol
and 4-methylbenzyl hydrogensulfate protons are shown
1H NMR (400MHz, DMSO-d6 )
[C4C1im][HSO4]: d 9.16 (s, 1H, NCHN), 7.79 (s, 1H, NCHCH), 7.72 (s, 1H, NCHCH),
4.17 (t, 3JHH 7.2Hz, 2H, NCH2), 3.85 (s, 3H, NCH3), 1.76 (quintet, 3JHH 7.5Hz, 2H,
CH2CH2CH2), 1.25 (sextet, 3JHH 7.3Hz, 2H, CH2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
CH2CH3).
4-methylbenzyl alcohol: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogensulfate: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.13 (d, 3JHH
7.8Hz, 2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.11.: 1H NMR spectrum of the reaction of [C4C1im][HSO4] + 6mol%
H2SO4 with 4-methylbenzyl alcohol (in d6 -DMSO). Assignments of the 4-
methylbenzyl alcohol and 4-methylbenzyl hydrogensulfate protons are shown
1H NMR (400MHz, DMSO-d6 )
[C4C1im][HSO4]: d 9.16 (s, 1H, NCHN), 7.78 (s, 1H, NCHCH), 7.72 (s, 1H, NCHCH),
4.17 (t, 3JHH 7.2Hz, 2H, NCH2), 3.85 (s, 3H, NCH3), 1.76 (quintet, 3JHH 7.4Hz, 2H,
CH2CH2CH2), 1.25 (sextet, 3JHH 7.4Hz, 2H, CH2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
CH2CH3).
4-methylbenzyl alcohol: d 7.18 (d, 3JHH 7.9Hz, 2H, CH ring), 7.12 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogensulfate: d 7.18 (d, 3JHH 7.9Hz, 2H, CH ring), 7.12 (d, 3JHH
7.8Hz, 2H, CH ring), 4.71 (s, 2H, CH2), 2.28 (s, 3H, CH3).
3.5.3. Hydrogenphosphate ionic liquids
Table. 3.4 lists the results of the nucleophilic substitution of 4-methylbenzyl alcohol
using hydrogenphosphate ionic liquids, in the presence and absence of additional
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H3PO4.
Table 3.4.: Nucleophilic substitution reactions of 4-methylbenzyl alcohol with
[H2PO4]
− ionic liquids
Ionic liquid + % acid* Temperature Time Conversion (%)
[HC4im][H2PO4] 120°C 24h No reaction
[HC4im][H2PO4] + 30% H3PO4 120°C 24h 11
[HC4im][H2PO4] + 30% H3PO4 140°C 2h 24
*% acid quoted are the mol% of the acid as compared to the total moles of ionic liquid plus acid,
for example a 50% acid concentration is equivalent to a 1 to 1 molar ratio of ionic liquid to acid.
Similar to chloride ionic liquids, [H2PO4]
− ionic liquids cannot substitute the hy-
droxyl group on their own. Unlike [HSO4]
− (pKa = 2), [H2PO4]
− is a weaker acid
(pKa = 7) therefore it cannot protonate 4-methylbenzyl alcohol. In the presence of
H3PO4, reaction was able to proceed. The low yield reflected the weak acidity of
H3PO4 (pKa =2). Increasing the temperature increased the yield.
Fig. 3.12 to Fig. 3.16 show the 1H and 31P NMR spectra of the [H2PO4]
− ionic liquids.
In the 1H spectra, the PhCH2H2PO4 peak of the product appears as a doublet due
to a 3JH-P coupling (the spin coupling constant of phosphorus is 1/2).
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Figure 3.12.: 1H NMR spectrum of the reaction of pure [HC4im][H2PO4] with
4-methylbenzyl alcohol after 24h at 120°C (in d6 -DMSO). Assignments of the
4-methylbenzyl alcohol protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][H2PO4]: d 10.62 (s, broad, [H2PO4]
−), 8.10 (s, 1H, NCHN), 7.36 (s, 1H,
NCHCHN), 7.12 (s, 1H, NCHCHN), 4.03 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3),
1.71 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2CH2CH3), 1.23 (sextet, 3JHH 7.4Hz, 2H,
N(CH2)2CH2CH3), 0.88 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.20 (d, 3JHH 7.9Hz, 2H, CH ring), 7.12 (d, 3JHH 7.9Hz,
2H, CH ring), 4.45 (s, 2H, CH2), 2.28 (s, 3H, CH3).
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Figure 3.13.: 31P NMR spectrum of the reaction of pure [HC4im][H2PO4] with
4-methylbenzyl alcohol after 24h at 120°C (in d6 -DMSO)
31P NMR (162 MHz, DMSO-d6 ) d 0.69 (s, [H2PO4]
−).
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Figure 3.14.: 1H NMR spectrum of the reaction of [HC4im][H2PO4] + 30% H3PO4
with 4-methylbenzyl alcohol after 24h at 120°C (in d6 -DMSO). Inset: zoom in of
the H2PO4CH2 peak, showing 3JH-P coupling. Assignments of the 4-methylbenzyl
alcohol and 4-methylbenzyl hydrogenphosphate protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][H2PO4]: d 8.95 (s, broad, [H2PO4]
−), 8.13 (s, 1H, NCHN), 7.37 (s, 1H,
NCHCHN), 7.14 (s, 1H, NCHCHN), 4.03 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3),
1.71 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2CH2CH3), 1.21 (sextet, 3JHH 7.4Hz, 2H,
N(CH2)2CH2CH3), 0.88 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 8.0Hz, 2H, CH ring), 7.12 (d, 3JHH 8.0Hz,
2H, CH ring), 4.44 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogenphosphate: d 7.23 (d, 3JHH 8.0Hz, 2H, CH ring), 7.12 (d,
3JHH 8.0Hz, 2H, CH ring), 4.75 (d, 2JHP 6.6Hz, 2H, CH2), 2.27 (s, 3H, CH3).
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Figure 3.15.: 31P NMR spectrum of the reaction of [HC4im][H2PO4] + 30% H3PO4
with 4-methylbenzyl after 24h alcohol at 120°C (in d6 -DMSO). Assignments of
all the species that contain phosphorus are shown
31P NMR (162 MHz, DMSO-d6 ) d 0.71 (s, [H2PO4]
−), 0.42 (s, CH2H2PO4), -10.98
(s, H3PO4).
158
3.5 Results of the nucleophilic substitution reactions in which ionic liquids were
dually used as nucleophiles and solvents
+)E+)P,)E,)P[)E[)PH)EH)PP)EP)PO)EO)P])E])P
)E
)P)E)P
+09f
m,)E(E]
E)E(EE
,)E(E]
H)E(E]
O)E(E]

)E(E]
+)E(E

+),(E

+)H(E

+)O(E

+)
(E

,)E(E

,),(E

,)H(E

,)O(E

,)
(E

[)E(E

,
) ,
]
,
) ,

H
) H
H
H
) ]
H
H
) ]
O
] )
+
[
] )
+


] )
,
,
Hp+[
]
+O


P
+H
+]







	












	











H)][H)]HH)]PH)]OH)]]
+09f
+]
,H
m
Figure 3.16.: 1H NMR spectrum of the reaction of [HC4im][H2PO4] + 30% H3PO4
with 4-methylbenzyl alcohol after 24h at 140°C (in d6 -DMSO). Inset: zoom in of
the H2PO4CH2 peak, showing 3JH-P coupling. Assignments of the 4-methylbenzyl
alcohol and 4-methylbenzyl hydrogenphosphate protons are shown
1H NMR (400MHz, DMSO-d6 )
[HC4im][H2PO4]: d 9.80 (s, broad, [H2PO4]
−), 8.17 (s, 1H, NCHN), 7.39 (s, 1H,
NCHCHN), 7.16 (s, 1H, NCHCHN), 4.03 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3),
1.71 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2CH2CH3), 1.23 (sextet, 3JHH 7.4Hz, 2H,
N(CH2)2CH2CH3), 0.88 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 8.0Hz, 2H, CH ring), 7.12 (d, 3JHH 8.0Hz,
2H, CH ring), 4.44 (s, 2H, CH2), 2.27 (s, 3H, CH3).
4-methylbenzyl hydrogenphosphate: d 7.23 (d, 3JHH 8.0Hz, 2H, CH ring), 7.12 (d,
3JHH 8.0Hz, 2H, CH ring), 4.75 (d, 2JHP6.6Hz, 2H, CH2), 2.29 (s, 3H, CH3).
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3.5.4. Acetate ionic liquids
Table. 3.5 lists the results of the nucleophilic substitution of 4-methylbenzyl alcohol
using acetate ionic liquids, in the presence and absence of additional AcOH.
Table 3.5.: Nucleophilic substitution reactions of 4-methylbenzyl alcohol with
[OAc]− ionic liquids
Ionic liquid + % acid* Temperature Time Conversion (%)
[C2C4im][OAc] 60°C 24h No reaction
[C2C4im][OAc] + 6mol% AcOH 60°C 24h No reaction
[C2C4im][OAc] 120°C 24h No reaction
[C2C4im][OAc] + 6mol% AcOH 120°C 24h No reaction
*% acid quoted are the mol% of the acid as compared to the total moles of ionic liquid plus acid,
for example a 50% acid concentration is equivalent to a 1 to 1 molar ratio of ionic liquid to acid.
There is no reaction between [C2C1im][OAc] ionic liquid and 4-methylbenzyl alcohol,
even in the presence of AcOH. The nucleophilicity of [OAc]− is stronger than [HSO4]
−
or [H2PO4]
−; however it is still not strong enough to substitute the hydroxyl group
on its own. The pKa of AcOH is around 5, which is weaker than [HSO4]
− (pKa =
2) and H3PO4 (pKa = 2). The weak acidity might be the reason why the reaction
did not proceed. Attempts to increase the temperature also did not produce any
product.
Fig. 3.17 to Fig. 3.20 show the 1H NMR spectra of the four reactions above.
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Figure 3.17.: 1H NMR spectrum of [C2C4im][OAc] + 4-methylbenzyl alcohol af-
ter 24h at 60°C (in d6 -DMSO). Assignments of the 4-methylbenzyl alcohol and
protons are shown
1H NMR (400MHz, DMSO-d6 )
[C2C1im][OAc]: d 10.07 (s, 1H, NCHN), 7.89 (s, 1H, NCHCHN), 7.80 (s, 1H,
NCHCHN), 4.23 (q, 3JHH 7.3Hz, 2H, NCH2CH3), 3.88 (s, 3H, NCH3), 1.59 (s, 3H,
OCH3), 1.41 (t, 3JHH 7.3Hz, 3H, NCH2CH3).
4-methylbenzyl alcohol: d 7.19 (d, 3JHH 7.8Hz, 2H, CH ring), 7.09 (d, 3JHH 7.7Hz,
2H, CH ring), 4.44 (s, 2H, CH2), 2.27 (s, 3H, CH3).
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Figure 3.18.: 1H NMR spectrum of [C2C4im][OAc] + 4-methylbenzyl alcohol af-
ter 24h at 120°C (in d6 -DMSO). Assignments of the 4-methylbenzyl alcohol and
protons are shown
1H NMR (400MHz, DMSO-d6 )
[C2C1im][OAc]: d 10.19 (s, 1H, NCHN), 7.95 (s, 1H, NCHCHN), 7.84 (s, 1H,
NCHCHN), 4.22 (q, 3JHH 7.3Hz, 2H, NCH2CH3), 3.88 (s, 3H, NCH3), 1.61 (s, 3H,
OCH3), 1.39 (t, 3JHH 7.3Hz, 3H, NCH2CH3).
4-methylbenzyl alcohol: d 7.18 (d, 3JHH 7.8Hz, 2H, CH ring), 7.07 (d, 3JHH 7.7Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.25 (s, 3H, CH3).
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Figure 3.19.: 1H NMR spectrum of [C2C4im][OAc] + 6mol% AcOH + 4-
methylbenzyl alcohol after 24h at 60°C (in d6 -DMSO). Assignments of the 4-
methylbenzyl alcohol and protons are shown
1H NMR (400MHz, DMSO-d6 )
[C2C1im][OAc]: d 9.95 (s, 1H, NCHN), 7.89 (s, 1H, NCHCHN), 7.79 (s, 1H, NCHCHN),
4.21 (q, 3JHH 7.3Hz, 2H, NCH2CH3), 3.87 (s, 3H, NCH3), 1.66 (s, 3H, OCH3), 1.40
(t, 3JHH 7.3Hz, 3H, NCH2CH3).
4-methylbenzyl alcohol: d 7.17 (d, 3JHH 7.9Hz, 2H, CH ring), 7.07 (d, 3JHH 7.9Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.25 (s, 3H, CH3).
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Figure 3.20.: 1H NMR spectrum of [C2C4im][OAc] + 6mol% AcOH + 4-
methylbenzyl alcohol after 24h at 120°C (in d6 -DMSO). Assignments of the 4-
methylbenzyl alcohol and protons are shown
1H NMR (400MHz, DMSO-d6 )
[C2C1im][OAc]: d 9.87 (s, 1H, NCHN), 7.90 (s, 1H, NCHCHN), 7.80 (s, 1H, NCHCHN),
4.23 (q, 3JHH 7.3Hz, 2H, NCH2CH3), 3.88 (s, 3H, NCH3), 1.71 (s, 3H, OCH3), 1.40
(t, 3JHH 7.3Hz, 3H, NCH2CH3).
4-methylbenzyl alcohol: d 7.18 (d, 3JHH 7.9Hz, 2H, CH ring), 7.08 (d, 3JHH 7.8Hz,
2H, CH ring), 4.43 (s, 2H, CH2), 2.25 (s, 3H, CH3).
3.6. Hammett mechanism study
The success of the reactions above has showed the ability of some ionic liquids to
act dually as solvents and nucleophiles in nucleophilic substitution reactions. While
one can speculate on the mechanism of such reactions, it would be useful to have
164
3.6 Hammett mechanism study
an experimental investigation. As mentioned previously, one of the reasons why 4-
methylbenzyl alcohol was chosen as the substrate for this study was because of the
possibility of using it in a Hammett mechanism study. Established by Hammett,122
this method has helped to bring about significant understanding of many reactions.
3.6.1. σ as the representative of the electronic effect of the
substituents
The main purpose of Hammett mechanism study is to reveal the transition state of
a reaction using electronic interference. The reaction of interest is recreated using
reactants that can undergo the same reaction, but have the reaction site attached
to a substituted benzene ring. For example, I wish to investigate the nucleophilic
substitution reaction of alcohols in ionic liquids, using the ionic liquid anions as the
nucleophiles; thus I need to use substituted benzyl alcohols as my substrates.
ROH R-Anion
Ionic liquids
[Cation][Anion]
?
HO Anion
Ionic liquids
X X
Hammett study
Measure rate
Figure 3.21.: Using Hammett mechanism study to investigate the nucleophilic
substitution reaction of alcohol in ionic liquids
Being conjugated, the benzene ring can transmit effectively any electronic effect the
ring substituents may have on the reaction site. It is this communication of electrons
between the substituents and the reaction site that is used to manipulate the rate of
the reaction. Since rate is dependent on the stability of the transition state, knowing
the correlation between the rate and the electronic effect of the substituents would
allow insight into the structure of the transition state.
A substituent can be electron-withdrawing or electron-donating. Hammett took the
arbitrary decision to use the pKa of carboxylic acids in water as a guide123 (eqn.
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3.6.1)
RCOOH −−⇀↽− RCOO− + H+ (3.6.1)
where R contains the substituent of interest. This was a reasonable decision; since
pKa is related to the electron-withdrawing ability of the substituents. Substituents
with higher electron-withdrawing ability have lower pKa, because they can sta-
bilize the product RCOO− better. Hammett only used the pKa of meta and
para-substituted benzoic acids to represent the electronic effect of substituents123
(Fig. 3.22). Aliphatic acids were not chosen because they can adopt a variety of
conformations and the substituent in some of them may interfere with the reaction.
The same goes for the ortho-substituted benzoic acids; the substituents might ex-
ert additional steric effect on the nearby site of reaction. With the meta and para
substituted benzoic acids, the substituents are held out of the way, on a rigid frame-
work, and in electronic communication with the reaction site through the flat but
conjugated benzene ring.
X
* *
X
para meta
Figure 3.22.: Meta and para substituted benzoic acids
Instead of using pKa directly, Hammett defined a new parameter called σ.122 This
parameter shows how electron-donating or withdrawing a group is in relation to a
hydrogen substituent. Eqn. 3.6.2 shows how σ is defined.
σ = pKa(benzoic acid)− pKa(substituted benzoic acid) (3.6.2)
Thus the σ of benzoic acid is set at zero. Electron-withdrawing substituents have
positive σ values and electron-donating substituents have negative σ values. Table. 3.6
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lists the pKa of meta and para-substituted benzoic acids and their corresponding σ
values.
To expand the database of σ even further, for substituents with no pKa data for
their benzoic acids, their σ values were obtained by measuring their effects on the
rate of other well-known reactions instead of the ionization reaction of benzoic acids
(more explanation in sec. 3.6.2). Furthermore, in order to produce better correlation
with well-known reactions, scientists also made slight adjustment to the σ values
obtained by formula 3.6.2 over time. Table. 3.7 lists the average σ values that are
used in modern Hammett studies. For more information, an extensive list of σ values
can be found in a review article by Taft.124
Table 3.6.: pKa values of selected substituted benzoic acids and their primitive σ
values18
Substituent pKa σpara meta para meta
H 4.2 0
Me 4.37 4.27 -0.17 -0.07
OMe 4.47 4.09 -0.27 0.11
Cl 4.00 3.83 0.20 0.37
NO2 3.45 3.45 0.75 0.75
NH2 4.86 4.60 -0.66 -0.40
Table 3.7.: Average σ values that are used in modern Hammett studies of selected
substituents18,19
Substituent σp σm
H 0 0
Me -0.17 -0.06
Et -0.15 -0.07
OMe -0.27 0.12
OEt -0.24 0.1
Cl 0.23 0.37
CF3 0.54 0.46
NO2 0.78 0.71
NH2 -0.66 -0.16
σp: sigma values when the substituents are para. σm: sigma values when the substituents are
meta.
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3.6.1.1. Contributing factors to the value of σ
Inductive effect (I) Substituents that contain electronegative atoms such as the
halides withdraw electrons from the reaction site inductively (-I). This inductive
effect is more significant at the meta than the para position due to closer proximity
to the COOH group. As shown in Table. 3.7, σm is more positive than σp for Cl.
Resonance effect (R) Para substituents that can conjugate to the benzene ring
can also contribute to the COOH group via conjugation. For examples, the OMe
and the NH2 groups possess lone pairs that can donate electrons via conjugation
to the benzene ring (+R). Even though these groups withdraw electron inductively
(-I), at the para position, the conjugation effect overrides the inductive effect (+R
> -I). As a result, OMe and NH2 have the most negative σp values in the table.
When situated at the meta position, these substituents cannot donate electrons this
way, thus their σm values are less negative. Alkyl groups such as CH3 or CH2CH3
have negligible inductive effect but can donate electrons to the reaction site by σ−pi
hyperconjugation (+R) (Fig. 3.23).
H
H
H
σCH pi∗
Figure 3.23.: Hyperconjugation from methyl to the benzene ring
The same phenomenon happens for electron-withdrawing groups such as NO2. At
the para position, these groups withdraw electrons by both induction (-I) and con-
jugation (-R). Consequently, their σp values are more positive than their σm values.
CF3 group withdraws electron by induction (-I) as well as by σ∗ − pi negative hy-
perconjugation (-R) (Fig. 3.24).
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F
F
F
empty 
σ*
pi
Figure 3.24.: Negative hyperconjugation from trifluoromethyl to the benzene ring
It is important to note that even though the substituents at the para position can
conjugate with the benzene ring, the conjugation stops at the ring carbon adjacent
to the COOH group. From that ring carbon to the COOH group electrons are
transferred only by induction.
3.6.2. The Hammett reaction constant ρ
The formula of the Hammett equation for a particular reaction is as follows:
log(kX/kH) = σXρ (3.6.3)
where X is a substituent on the benzene ring, kX is the rate constant when the
reactant has X as the substituent, kH is the rate constant of the unsubstituted
reactant, σX is the substituent constant of X, and ρ is called the reaction constant
of this particular reaction.
The Hammett equation also works for equilibrium constant, as follows:
log(KX/KH) = σXρ (3.6.4)
where KX and KH are the equilibrium constants.
In other words, a Hammett mechanism study is carried out by varying the sub-
stituent on the benzene ring of the reactant, measuring their corresponding rate
constants and obtaining a ρ value by plotting a graph of log(kX/kH) against σX.
The Hammett’s equations (eqn. 3.6.3 and 3.6.4) are examples of linear-free-energy
relationships, in which the rate or the equilibrium constants of a reaction of interest
are correlated with the equilibrium constants of the ionization reaction of benzoic
acids.
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Inversely, reactions with well-known ρ values can be used to find the σ values for
substituents that do not have pKa data for their corresponding benzoic acids, as
follows:
σX =
log(ki,X/ki,H)
ρi
where X is a substituent with an unknown σ value, ki,X and ki,H are the rate constants
of a reaction i. ρi is the reaction constant of that reaction, found using other known
σ values.
3.6.2.1. Significance of the sign of ρ
Positive ρ values The rate constant k of a reaction is related to the Gibbs’ free
energy ∆G‡ as follows:
∆G‡ = −RTlnk
where R is the gas constant, T is the temperature in Kelvin. ∆G‡ is the difference
in energy between the transition state and the ground state. Therefore, reactants
with substituents that can reduce the energy gap between the excited state and the
ground state will have a higher k.
A positive ρ means that the rate of the reaction is higher for electron-withdrawing
substituents. This phenomenon happens when the transition state has a higher
electron density than the ground state.
For example, in the hydrolysis reaction of ethyl benzoates by alkaline solution:
RCOOEt + OH− −−⇀↽− RCOO− + EtOH
the rate determining step is the attack of OH− to the carbonyl carbon which causes
an increase in electron density in the transition state. Electron-withdrawing sub-
stituents stabilize negative charge better than electron-donating substituents, thus
have higher rate constants. Plotting the log of the rate constant ratios, log(kX/kH),
against σX gives a linear correlation with a positive ρ value equal to +2.67–9 (Fig. 3.25).
The magnitude of this ρ value signifies that the hydrolysis reaction of ethyl ben-
zoates is 101.6 times more sensitive than the ionization reaction of benzoic acids with
regards to the electronic effect of the substituents.
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Figure 3.25.: Hammett plot of the hydrolysis reaction of ethyl benzoates7–9
Negative ρ values A negative ρ value signifies an opposite phenomenon to a pos-
itive ρ. Reactants that contain electron-donating substituents have higher k values
than ones with electron-withdrawing substituents. This happens when the transi-
tion state has fewer electrons than the reactant. For example, the SN2 nucleophilic
attack of phenoxide anions to EtI (eqn. 3.6.5) has a ρ value of -1.09,10. In this
example, the negative charge on the starting material is transferred away from the
aromatic ring as it approaches the transition state. The reactant and transition
state is shown in Fig. 3.26.
X−PhO− + EtI −→ X−PhO−Et + I− (3.6.5)
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O O I
H3C H
H
δ- δ-
EtI
Reactant Transition state
X X
Figure 3.26.: Transition state of the reaction between substituted phenoxides and
ethyl iodide9,10
3.6.2.2. Magnitude of ρ and its meanings
Large negative ρ values Compare the reaction of phenoxide above with the fol-
lowing reaction:
X−PhC(CH3)2Cl + H2O −→ X−PhC(CH3)2OH + HCl ρ = −4.5 (3.6.6)
This reaction is also a substitution reaction in which cumyl chloride, a tertiary alkyl
chloride, is attacked by H2O11. In both reactions, the transition states contain fewer
electrons than the starting materials, thus both have negative ρ values. However,
the magnitude of ρ of reaction 3.6.6 is much more than that of reaction 3.6.5. This is
because in reaction 3.6.6, the tertiary chloride follows a SN1 mechanism (Fig. 3.27),
in which the rate determining step involves the leaving of the chloride and the
development of a positive charge on the carbon next to the ring. This positive
charge is delocalized around the ring, thus can “feel” the electronic effect of the
substituents on the ring much better. The result is a higher sensitivity of the rate
of the reaction towards the electronic effect of the substituents and a more negative
ρ.
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Cl Cl OH
X X X
H2ORDS
X X X
ρ = -4.5
Figure 3.27.: Reaction between tertiary chloride and water following a SN1 mech-
anism11
To sum up, large negative ρ values are suggestive of a development of a positive
charge that can conjugate to the benzene ring. Reactions that have the most negative
ρ values are the ones that involve the development of a positive charge inside the
ring itself e.g. the nitration of benzene ring (Fig. 3.28). This reaction has a ρ value
of -5.9.9,125
NO2+
NO2
H
NO2
RDS
ρ = −5.9
X X X
Figure 3.28.: Mechanism of the nitration of benzenes
Large positive ρ values Similar to large negative ρ values, large positive ρ values
result when there is a possible delocalization of the extra electrons on to the ring.
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For example, the acid dissociation equilibrium constants of substituted phenols has
a ρ value of +2.19 (Fig. 3.29).
OH O
H+
X
O
X X
ρ = +2.1
Figure 3.29.: Acid dissociation of substituted phenols
Small ρ values Small ρ values happen in three situations:
• The reaction site lies too far away from the substituents of the ring to feel
their electronic effects
• There is an equal flow of electrons in and out of the reaction site in the tran-
sition state
• There are one or more steps before the rate determining step whose ρ values
counter the ρ value of the rate determining step
An example for the first situation is the ρ values of the equilibrium constants of
phenyl carboxylic acids. ρ becomes smaller when the COOH group is further away
from the ring9 (Fig. 3.30).
COOH
X X X
COOH
COOH
ρ = 1
(by definition)
ρ = 0.5 ρ = 0.2
Figure 3.30.: ρ values of the ionization equilibrium constants of phenyl carboxylic
acids9
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Examples of the second situation are most SN2 substitution reactions. In these
reactions, the attack of the nucleophile and the leaving of the leaving group happen
at the same time, resulting in a small change of electron density in the transition
state.
The third kind of small ρ values is the most interesting and probably the hardest one
to recognize. Because ρ is a reflection of the rate constants, it receives contribution
from all the steps before and including the rate determining step. For example,
if there are two steps leading to the transition state of the rate determining step,
one has a ρ value of +a while the other one has a value of –a, then the overall ρ
value for the reaction is zero. For example, in the hydrolysis of ethyl benzoates with
acid catalyst9 (Fig. 3.31), step 2 is the rate determining step, preceded by a proton
transfer equilibrium.
O OEt HO OEt HO OEt
OH2
HO OEt
OH
H
O OH
OH2
Negative ρ Positive ρ
RDS
fast
fast
EtOH
Figure 3.31.: The mechanism of hydrolysis of ethyl benzoates with acid jlyst
In step 1, the protonation and the accumulation of a positive charge mean that
the ρ value for this equilibrium should be negative. In step 2, the attack of the
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water molecule brings electrons into the reaction site, thus a positive value should
be expected. These two ρ values cancel each other out, resulting in a small ρ value
of +0.1.9
3.6.3. sv+ and sv-
σ+
In special occasions where there is a vacant p-orbital at the reaction site that can
directly conjugate with the para substituents, it was found that linear Hammett
plots were only possible when substituents with +R effect at the para position were
excluded. For example, the solvolysis reactions of cumyl chlorides mentioned earlier
(Fig. 3.27) show much higher reactivity for para +R substituents (e.g. Me, OMe,
NH2). Brown and Okamoto devised a modified Hammett equation to adopt to
these types of reactions:11
log(kX/kH) = ρ+σ+ (3.6.7)
The solvolysis reactions of cumyl chlorides at 25ºC in aqueous acetone solution were
chosen as the standard for σ+. ρ+ was obtained from substituents that do not
possess +R effect. The σ+ values of substituents that do possess +R effect were
then extrapolated from the line.
σ−
An analogous departure from linear Hammett plot was also observed in reactions in
which the reaction site has excess electrons that can conjugate to the benzene ring.
In these cases, extra strong conjugation is possible with substituents with -R effects.
Jaffé devised a modified Hammett equation9 for these types of reactions as:
log(kX/kH) = ρ−σ− (3.6.8)
The dissociation of anilines were used as the standard to calculate σ−.
X−Ph−NH2 + H2O −−⇀↽− X−Ph−NH+3 + OH−
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The ionization of phenols mentioned earlier (Fig. 3.29) is an example where σ− values
were found to have much better correlation with the equilibrium constants than the
normal σ values.
Table. 3.8 lists the values of σ+ and σ− of selected substituents.
Table 3.8.: σ+ and σ− of selected substituents18,19
Substituent σ+p σ−p
H 0 0
Me -0.31
Et -0.3
OMe -0.78
OEt -0.81
Cl 0.11
CF3 0.65
NO2 1.23
3.6.4. Non-linear Hammett’s plots
Hammett’s plots are rarely perfectly linear to start with, since they correlate two
parameters from two entirely distinct reactions: the pKa of the ionization of benzoic
acids and the rate constants k of the reaction of interest. It is not absolutely essential
to have perfect correlation anyway, since the sign and a rough value of ρ are all that
needed to give information regarding the transition state of a reaction.
However, in some situations, clearly non-linear Hammett’s plots are observed. While
graphs like those might seem confusing at first, sometimes they actually give more
information about the reaction mechanism. There are two types of linear graphs:
upward V-shaped graphs and inverted V–shaped graphs.
3.6.4.1. Upward V-shaped graphs, change in mechanism
Upward V-shaped Hammett plots result when there are presence of two possible
reaction mechanisms with comparative rate constants. The alkaline hydrolysis of
carbamates X−PhNHCOOMe12 can serve as an example.
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N
C
O
+OH-
OH-
HN OCH3
O
HN OH
O
OH-
N OCH3
O
RDS
fast
(a) Mechanism 1 for electron-donating substituents
HN OCH3
O
HN OCH3
O
OH
HN OH
O
OH-
-OCH3OH
-
(b) Mechanism 2 for electron-withdrawing substituents
Figure 3.32.: Alkaline hydrolysis of methyl N-phenyl carbamates
X−PhNHCOOMe12
Plotting log(kX/kH) against σX values shows an upward V-shaped graph.
lo
g(k
X
/k
H
)
σ
1
2
Figure 3.33.: Hammett plot of the alkaline hydrolysis of methyl N-phenyl carba-
mates X−PhNHCOOMe. Image reproduced from the original paper12
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It is clearer to see the two mechanisms if the two best-fit lines in Fig. 3.33 are extrap-
olated as shown. Mechanism 1 is faster when the substituents are electron-donating,
but slower than mechanism 2 when the substituents are electron-withdrawing. The
reactants always react via the faster reaction mechanism, thus for the electron-
donating substituents, they follow mechanism 1; and for the electron-withdrawing
substituents, they follow mechanism 2. It is not necessary for the two mechanisms
to have opposite signs in ρ values to have a change in mechanism; they can have
the same signs as long as one overrides the other at the two ends of the graph. The
three shapes in Fig. 3.34 signify Hammett’s plots with change in mechanisms.
σ
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g(k
X
/k
H
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σ
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Figure 3.34.: Upward V-shaped Hammett plots, change in the reaction mechanisms
3.6.4.2. Inverted V-shaped graphs, same mechanism but change in the rate
determining step
Inverted V-shaped Hammett plots represent a change in the rate determining step
within a single mechanism. The reactants follow the fastest mechanism throughout
the whole range, but the ρ values change to reflect the change in the rate determining
step. The cyclodehydration of 2-phenyltriarylcarbinols can serve as an example13
(Fig. 3.35).
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X-Ph
OH
Ph
X-Ph
OH2
Ph
X-Ph
Ph
X-Ph
Ph
H
X-Ph
Ph
fast
H+
fast
-H+
ρ = -2.51
ρ = +2.67
RDS for 
electron-withdrawing
substituents
RDS for 
electron-donating
substituents
Figure 3.35.: Mechanism of the cyclodehydration of 2-phenyltriarylcarbinols
The reaction has two possible rate determining steps. For the electron-withdrawing
substituents, the leaving of the water molecule is the slowest step in the reaction
chain, with ρ value equal to -2.51. For the electron-donating substituents, the leav-
ing step of the water molecule is faciliated so much that it is no longer the rate
determining step; the nucleophilic attack from the benzene ring becomes the rate
determining step with ρ value equal to +2.67. Fig. 3.36 shows the Hammett plot of
this reaction.
lo
g(k
X
/k
H
)
σ
ρ = +2.67 ρ = -2.51
Figure 3.36.: Hammett plot of the cyclodehydration of 2-phenyltriarylcarbinols.
Image reproduced from Hart’s paper13
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3.7. Using Hammett’s plots to investigate the
mechanisms of the nucleophilic attack by the
ionic liquids anions
As mentioned previously, one of the reasons why 4-methylbenzyl alcohol was chosen
as the substrate for the substitution reaction study was because of its ability to par-
ticipate in a Hammett’s mechanism study. While there are many ways to investigate
a reaction mechanism, Hammett plots are by far the most informative.
Out of the six ionic liquids tested in sec. 3.5, all but [C2C1im][OAc] successfully
substituted the hydroxyl group of 4-methylbenzyl alcohol. After consideration of
melting points, stability and the ease of synthesis and purification, [C4C1im]Cl and
[HC4im][HSO4] were chosen for further investigation using Hammett mechanism
study. In addition to testing them as neat solvents, the effect of additional acids
were also investigated.
Four series of experiments with para-substituted derivatives of benzyl alcohol were
carried out (eqn. 3.7.1 to eqn. 3.7.4)
X−PhCH2OH
[HC4im][HSO4]−−−−−−−−−⇀↽ − X−PhCH2HSO4 (3.7.1)
X−PhCH2OH
[HC4im][HSO4]−−−−−−−−−⇀↽ −
H2SO4
X−PhCH2HSO4 (3.7.2)
X−PhCH2OH
[C4C1im]Cl−−−−−−−⇀↽ − X−PhCH2Cl (3.7.3)
X−PhCH2OH
[C4C1im]Cl−−−−−−−⇀↽ −
HCl
X−PhCH2Cl (3.7.4)
X = para-H, Me, Et, OMe, OEt, Cl, CF3, NO2.
3.7.1. Kinetic measurements
In order to obtain information for a reaction using Hammett mechanism study, one
needs to find the ρ value. ρ is obtained by plotting a graph of log(kX/kH) against
the σ values of the substituents, fitting a linear best fit line and determining the
gradient of that line. In order to produce a valid correlation, all kX values have to
be obtained in the same reaction conditions.
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3.7.1.1. Possible reaction pathways
From the preliminary results from sec. 3.5, it is clear that the presence of H+ is
essential in pushing the reaction forward. Thus it is almost certain that the first
step of the reaction is the protonation of the hydroxyl group, making it into -OH+2 ,
a better leaving group (Step 1 in Fig. 3.37). Protonation is a fast but reversible
process, thus this step is likely to be in equilibrium. It is expected that in the series
of reactions where extra acids were added, the protonation of benzyl alcohols was
done by the extra acids i.e. H2SO4 and HCl. In the case of pure [HC4im][HSO4],
the protonation was done by [HSO4]
−.
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X
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X
OH2
X
Nu
δ- δ+
Nu
X
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X
H+ Intermediate
Transition state
Nu-
SN2
SN1
Nu-
H2O
H2O
*
1
2 3
4 5
RDS
RDS
k1
k
-1
k2
k2'
H H
X=H, Me, Et, OMe, OEt, Cl, CF3, NO2. Nu−: the anions of the ionic liquids
*H+= H2SO4, HCl or [HSO4]
−
RDS: Rate determining step
Figure 3.37.: Possible reaction pathways for the reactions between para-substituted
benzyl alcohols and the anions of the ionic liquids.
From the protonated state of benzyl alcohols, there are two possible substitution
mechanisms, SN1 (step 2-3 in Fig. 3.37) and SN2 (step 4-5 in the same figure). In
SN1, a unimolecular rate determining step involves the breaking of the leaving group,
forming a positive intermediate. In SN2, a bimolecular rate determining step involves
simultaneous C-Nu bond forming and C-OH2 bond breaking.
In either mechanism, H2O is produced as a by-product. Overall, each reaction
consumes one molecule of acid to produce one molecule of H2O and one molecule of
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the conjugate base.
In the case of [HC4im][HSO4] + H2SO4:
X−PhCH2OH + H2SO4
[HC4im][HSO4]−−−−−−−−→ X−PhCH2HSO4 + H2O
In the case of pure [HC4im][HSO4]:
X−PhCH2OH + 2 [HSO4]−
[HC4im][HSO4]−−−−−−−−→ X−PhCH2HSO4 + H2O + [SO4]2−
In the case of [C4C1im]Cl + HCl:
X−PhCH2OH + HCl
[C4C1im]Cl−−−−−−→ X−PhCH2Cl + H2O
3.7.1.2. Rate equation for each case
The ρ value of a reaction depends on the rate of all the steps up to the rate determin-
ing step. Thus for both the SN1 and SN2 mechanisms listed above, it is important
to take into account the protonation equilibrium.
For the SN1 pathway, since there is only one molecule of X−PhCH2(OH2)+ involved
in the rate determining step (step 2 in Fig. 3.37), the rate equation is:
r = k2[X−PhCH2(OH2)+] (3.7.5)
The concentration of [X−PhCH2(OH2)+] is dependent on the equilibrium constant
of the preceding protonation equilibrium. If Keq is the equilibrium constant of step
1, then:
Keq =
[X−PhCH2(OH2)+]
[X−PhCH2OH][H+]
[X−PhCH2(OH2)+] = Keq[H+][X−PhCH2OH] (3.7.6)
Applying eqn. 3.7.6 to eqn. 3.7.5 gives:
r = k2Keq[H+][X−PhCH2OH] (3.7.7)
For the SN2 pathway, there are two molecules involved in the rate determining step
(step 4 in Fig. 3.37), the anion of the ionic liquids and the benzyl alcohol. The rate
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equation is:
r = k2′ [Anion][X−PhCH2(OH2)+] (3.7.8)
Similar to the SN1 pathway, due to the protonation step, the rate equation is equal
to:
r = k2′Keq[H+][Anion][X−PhCH2OH] (3.7.9)
Eqn. 3.7.7 and eqn. 3.7.9 show that there is more than one variable in these
rate equations. It is generally difficult to monitor the concentrations of more than
one reactant or product simultaneously. Thus very often, experimentalists set up
experiments in which all but one reactant are present at large excess, so that their
concentrations can be assumed to remain constant over the course of the reaction.
The rate equation then only has one variable and thus can be solved much easier.
Since it is the substituted benzyl alcohols that are being investigated, it would be
ideal if they are the limiting reagents.
The reaction conditions, in which the ionic liquids act as dual solvent-reagent, means
that the concentration of the anions can be assumed to be constant during the course
of the reaction. While this is irrelevant in the rate equation of SN1, it does reduce
the number of variables in the rate equation of SN2.
The concentration of the acids is more of a problem. Preliminary results from sec. 3.5
show that without the presence of acids, the reaction could not proceed. In the case
of pure [HC4im][HSO4], the acidity came from the anions of the ionic liquid, thus
[H+] can be assumed to be constant. When acids were added, kinetic test runs on
[C4C1im]Cl + HCl and [C4C1im][HSO4] + H2SO4 mixtures showed that only a small
amount of acid was needed to get the reactions going. In fact, at acid concentrations
higher than 6mol% of the concentration of the ionic liquids, most reactions finished
before kinectic measurements could take place. Thus the concentrations of HCl and
H2SO4 had to be set at concentrations of less than 6mol%. This caused the reaction
conditions to deviate from the ideal, in that the concentration of the protonation
source was no longer larger than the concentration of the benzyl alcohols (set at
around 9mol% of the ionic liquids for all benzyl alcohols). The complication of H+
will be analysed on a case by case basis.
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3.7.1.3. Obtaining kX
So assuming that the reaction was pseudo first order with regards to the concentra-
tion of the benzyl alcohols, the rate equation is:
r = kobs[X−PhCH2OH]
where r is the rate of the reaction, kobs is the observed rate constant for the reaction
of X−PhCH2OH with the ionic liquids. Solution for a first-order rate equation is as
follows (mathematical proof can be found in the appendix):
ln [X−PhCH2OH][X−PhCH2OH]0
= −kobst
Thus kobs can be obtained by plotting ln([X−PhCH2OH]/[X−PhCH2OH]0 against
time. If a straight line is produced then kobs is equal to minus the gradient of the best
fit line. However, if the best fit line is not a straight line, then the assumption that
the rate equation was first order with regards to [X−PhCH2OH] is not appropriate.
Analysis of such cases will be discussed individually later.
Because there are two possible reaction mechanisms, with different rate equations,
the composition of kobs is different for each case.
Recalling eqn. 3.7.7 and 3.7.9:
r = k2Keq[H+][X−PhCH2OH] (3.7.7)
r = k2′Keq[Anion][H+][X−PhCH2OH] (3.7.9)
kobs of the SN1 mechanism is equal to:
kobs,SN1 = k2Keq[H
+] (3.7.10)
whereas kobs of the SN2 mechanism is equal to:
kobs,SN2 = k2′Keq[H
+][Anion] (3.7.11)
The value of kX involves all the rate and equilibrium constants involved in the
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reaction. Thus for a SN1 reaction, kX is equal to:
kX = k2Keq =
kobs
[H+]
(3.7.12)
and for an SN2 reaction:
kX = k2′Keq =
kobs
[H+][Anion]
(3.7.13)
3.7.1.4. Expected ρ values
Since there is a loss of electrons moving from X−PhCH2OH to X−PhCH2(OH2)+,
the ρ value for the protonation equilibrium should be negative i.e. the more elec-
tronegative the substituents, the higher the value of Keq. ρ values for protonation
equilibria are usually around -2.5.126
For the SN1 rate determining step, the loss of electrons from the leaving of the -OH+2
group means that the ρ value for this step should be negative, and large in value,
around -4.126 For the SN2 rate determining step, since there is a simultaneous attack
of the anion and the leaving of the OH2 group, it is expected that the ρ value for
this step should be small in value, around zero.
Thus, if the reaction follows SN1 mechanism, the combined ρ values should be very
large (~-6.5), whereas if it follows the SN2 mechanism, then the ρ value should be
-2.5.
3.7.2. Experimental protocol
Normally, UV-vis is the spectrometry technique of choice for kinetic runs, attributable
to its extremely high sensitivity and simple apparatus. However, this spectrometry
technique requires the presence of at least one UV-active species in the reaction,
which is sometimes difficult to satisfy. In this study, not all the benzyl alcohol
derivatives are UV active; neither are the products. In addition, the [HSO4]
− ionic
liquids are usually yellow in colour, which can interfere with the reading on the
UV-vis spectra. Thus to make sure that all the reactions were monitored using the
same technique for consistency, 1H NMR was chosen instead. While inferior to UV-
vis in sensitivity, 1H NMR does allow the monitoring of all chemical species that
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contain H in the reaction, which is useful for detection of impurities, side reactions
and confirmation of the products.
Before kinectic measurements can take place, there is one problem that anyone
working with ionic liquids would encounter, the high viscosity of ionic liquids. In
molecular solvents, the diffusion rate of the reactants is usually fast and can be
neglected in the calculation of the overall rate constant. It is not always so for ionic
liquids. Viscosity restricts the movement of the reactants greatly. This problem can
be solved by raising the temperature of the reaction. Therefore, all the experiments
in this study were carried out at 80°C. The fact that the ionic liquids were being
dually used as the solvents and the nucleophiles also helped, for the distance needed
for the reactants to travel to react with each other should be very small.
With regards to the concentration of the benzyl alcohols, a test run with the
[HC4im][HSO4] ionic liquid showed that at concentrations of benzyl alcohols of less
than 10mol% of the ionic liquids, it was difficult to integrate the peaks in the 1H
NMR spectra accurately. Thus, all experiments were done with the starting concen-
tration of the benzyl alcohols at 10mol%.
Sample preparations were carried out at room temperature. The ionic liquids were
synthesized and kept dry under an atmosphere of N2 (detail synthesis of the ionic
liquids can be found in the synthesis chapter). For each ionic liquid, six vials each
containing 0.5mL of ionic liquid were prepared. To the vials, six types of benzyl
alcohols were added (X−PhCH2OH, X = para-OMe, Me, H, Cl, CF3, NO2) with
concentrations equal to about 10mol% of the ionic liquid concentration (exact con-
centrations will be shown later). For the pure [HC4im][HSO4] ionic liquid, two other
benzyl alcohols were also tested (OEt and Et). The mixtures were mixed at room
temperature quickly and then transferred to NMR tubes. Due to the high viscosity
of pure [HC4im][HSO4], the vials of [HC4im][HSO4] were heated briefly to facilitate
the transfer into NMR tubes. Each NMR tube was run as soon as it was prepared
at 80°C for 2 hours. The progress of the reactions was followed by 1H NMR using
a Bruker DRX 400 Mhz NMR machine.
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3.7.3. Results
3.7.3.1. Neat [HC4im][HSO4]
The nucleophilic substitution reactions happened relatively slowly in pure [HC4im]-
[HSO4]. Each mixture was run for 4 hours and readings were taken at 5 minute inter-
vals. Plots of ln [X−PhCH2OH] against time show linearity up to when [X−PhCH2OH]
became less than 25% their starting concentrations (i.e. ln(A/A0) < -1.38, A = con-
centration of the remaining benzyl alcohols). The rate constant kobs for each reaction
was obtained from the gradient of the linear part of the graphs.
Fig. 3.38 to Fig. 3.45 show the ln(A/A0) plots of the eight benzyl alcohols.
A/A0: ratio of the remaining concentration of benzyl alcohol over the initial concentration of
benzyl alcohol
Figure 3.38.: Ln plot of the extent of the reaction of benzyl alcohol in pure
[HC4im][HSO4] at 80°C
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A/A0: ratio of the remaining concentration of 4-methylbenzyl alcohol over the initial
concentration of 4-methylbenzyl alcohol
Figure 3.39.: Ln plot of the extent of the reaction of 4-methylbenzyl alcohol in
pure [HC4im][HSO4] at 80°C
A/A0: ratio of the remaining concentration of 4-ethylbenzyl alcohol over the initial
concentration of 4-ethylbenzyl alcohol
Figure 3.40.: Ln plot of the extent of the reaction of 4-ethylbenzyl alcohol in pure
[HC4im][HSO4] at 80°C
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A/A0: ratio of the remaining concentration of 4-methoxybenzyl alcohol over the initial
concentration of 4-methoxybenzyl alcohol
Figure 3.41.: Ln plot of the extent of the reaction of 4-methoxybenzyl alcohol in
pure [HC4im][HSO4] at 80°C
A/A0: ratio of the remaining concentration of 4-ethoxybenzyl alcohol over the initial
concentration of 4-ethoxybenzyl alcohol
Figure 3.42.: Ln plot of the extent of the reaction of 4-ethoxybenzyl alcohol in
pure [HC4im][HSO4] at 80°C
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A/A0: ratio of the remaining concentration of 4-nitrobenzyl alcohol over the initial
concentration of 4-nitrobenzyl alcohol
Figure 3.43.: Ln plot of the extent of the reaction of 4-nitrobenzyl alcohol in pure
[HC4im][HSO4] at 80°C
A/A0: ratio of the remaining concentration of 4-trifluoromethylbenzyl alcohol over the initial
concentration of 4-trifluoromethylbenzyl alcohol
Figure 3.44.: Ln plot of the extent of the reaction of 4-trifluoromethylbenzyl alcohol
in pure [HC4im][HSO4] at 80°C
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A/A0: ratio of the remaining concentration of 4-chlorobenzyl alcohol over the initial
concentration of 4-chlorobenzyl alcohol
Figure 3.45.: Ln plot of the extent of the reaction of 4-chlorobenzyl alcohol in pure
[HC4im][HSO4] at 80°C
The fact that all the graphs contain linearity shows that the assumption that the
reactions were really pseudo-first order with regards to benzyl alcohols is acceptable,
at least at low conversion. 4-methoxybenzyl alcohol and 4-ethoxybenzyl alcohol have
the fastest rate of all. Their ln(A/A0) plots show a linear decrease followed by a
plateau at about 25% the initial concentration. The reactions must have reach
equilibria at this point i.e. the reverse attack of water is now at the same rate as
the formation of X−PhCH2HSO4.
Since there was no added H2SO4, the concentration of H+ was equal to the concen-
tration of the anion. Rearranging eqn. 3.7.12 and eqn. 3.7.13 gives the following
formulas for the calculation of k for each type of mechanism:
kX,SN1 =
kobs
[HSO−4 ]
kX,SN2 =
kobs
[HSO−4 ]
2
Table. 3.9 lists the rate constants kX for the two mechanisms.
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Table 3.9.: Rate constants kX
Substituent conc. of
benzyl
alcohols
(mol%)*
conc. of
ionic liquid
(mol%)*
kobs(min−1) kX, SN1
(min−1)
kX, SN2
(min−1)
H 8.8 91.2 3.35E-03 3.67E-05 4.02E-07
Me 11.8 88.2 2.09E-03 2.37E-05 2.69E-07
Et 9.5 90.5 1.89E-03 2.09E-05 2.31E-07
OMe 11.6 88.4 1.72E-02 1.95E-04 2.21E-06
OEt 9.4 90.6 2.33E-02 2.57E-04 2.83E-06
NO2 9.1 90.9 2.68E-03 2.95E-05 3.24E-07
CF3 9.1 90.9 3.00E-03 3.30E-05 3.63E-07
Cl 9.4 90.6 2.98E-03 3.30E-05 3.64E-07
*mol%: molar percentage ratio of the moles of the chemical over the total moles of all reactants
in the reaction pot
Now all the information needed for a Hammett plot is acquired. Since a definite
mechanism is not yet known and kX varies with the mechanism, it is best to test
each mechanism separately. Table. 3.10 lists the log(kX/kH) values assuming that
all the benzyl alcohols were following the same mechanism.
Table 3.10.: log(kX/kH) assuming all reactants were following the same mechanism
in pure [HC4im][HSO4]
Substituent log(kX/kH)
(SN1)
log(kX/kH)
(SN2)
H 0 0
Me -0.19 -0.18
Et -0.25 -0.24
OMe 0.73 0.74
OEt 0.84 0.85
NO2 -0.10 -0.09
CF3 -0.05 -0.04
Cl -0.05 -0.04
Fig. 3.46 shows the Hammett plot assuming all the benzyl alcohols reacted via the
SN1 mechanism. Fig. 3.47 shows the Hammett plot assuming all the benzyl alcohols
reacted via the SN2 mechanism.
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Figure 3.46.: Hammett plot in pure [C4C1im][HSO4] assuming all the benzyl alco-
hols followed the SN1 mechanism
Figure 3.47.: Hammett plot in pure [C4C1im][HSO4] assuming all the benzyl alco-
hols followed the SN2 mechanism
In neither Fig. 3.46 nor Fig. 3.47 are clear correlations found. The graphs show no
linear correlations, or change in rate determining step (inverted V-shaped plots).
Instead three-line graphs are seen in both. This suggests that some of the reac-
tants have reacted by a different mechanism to the rest i.e. both the SN1 and SN2
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mechanisms were used.
It is likely that the electron-donating groups (OMe, OEt, Me and Et) would prefer
the SN1 mechanism, because they can stabilize the carbocation intermediate. The
remaining four substituents (H, CF3, Cl and NO2) are electron-withdrawing so they
would probably follow the SN2 mechanism. Table. 3.11 lists the new log(kX/kH)
values. Fig. 3.48 shows the Hammett plot that compiles both reaction mechanisms.
Table 3.11.: log(kX/kH) values when the reactants follow different mechanisms in
pure [HC4im][HSO4]
Substituent Type of mechanism kX log(kX/kH)
H SN2 4.02E-07 0.00
Me SN1 2.37E-05 4.08
Et SN1 2.09E-05 3.95
OMe SN1 1.95E-04 6.18
OEt SN1 2.57E-04 6.46
NO2 SN2 3.24E-07 -0.22
CF3 SN2 3.63E-07 -0.10
Cl SN2 3.64E-07 -0.10
*k of OMe, OEt, Me, Et are SN1 values . k of H, CF3, Cl and NO2 are SN2 values.
Figure 3.48.: Hammett plot in pure [C4C1im][HSO4] in which both reaction mech-
anisms SN1 and SN2 were used
A familiar upward V-shaped graph is obtained, showing a change in mechanism
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from SN1 to SN2. The ρ values for the SN1 and SN2 pathways are -24.34 and -0.24
respectively. The R2 values for the line fitting are fairly good (0.978 and 0.866).
The electron-donating groups stabilize the carbocation transition state better (step
2 in Fig. 3.37) so prefer to react via the SN1 mechanism. On the other hand, the
electron-withdrawing groups prefer to receive assistance from the high concentration
of anions of the ionic liquid and react via the SN2 mechanism.
The large negative ρ value for the SN1 mechanism reflects the large removal of
electrons from the reaction site during the rate determining step. However, even
for a SN1 mechanism, the magnitude of this ρ (-24.34) is still too large, suggesting
that there is presence of an enhanced resonance effect from the substituents. This is
expected since the positive charge that is being formed during the rate determining
step can delocalised into the ring. This prompts for the use of σ+ instead of σ.
Fig. 3.49 shows the Hammett plot using σ+. While the correlation is a bit weaker
than when σ is used (0.934 as compared to 0.978 in R2 values), the value of ρ+ is more
reasonable (-7.28). It is important to remember that this ρ+ value has contribution
from both Keq and k2. The hydrolysis reaction of cumyl chlorides (X−PhCH2Cl)11
can be used as a guide for the k2 value (ρ = -4.5). This means that the ρ value of the
protonation equilibrium should have a value of around -2.8. This value is close to
the ρ value found in a similar protonation equilibrium reaction of X−Ph−CPh2OH
in sulfuric acid at 25°C (ρ = -3.64).127,128 Thus the value of -7.28 for the SN1 part
of the plot is very reasonable.
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*k of OMe, OEt, Me, Et are SN1 values . k of H, CF3, Cl and NO2 are SN2 values.
Figure 3.49.: Hammett plot in pure [C4C1im][HSO4] using σ+
For the SN2 part of the graph, a small value of -0.21 means that the substituents have
little influence on the rate constant. If the ρ value for the protonation equilibrium
found above (-2.8) is used then it means that the rate determining step of the SN2
mechanism has a ρ value of +2.6. This means that the transition state has a slightly
higher electron density than the starting state i.e. the attack of [HSO4]
− had nearly
finished while the leaving of the -OH2 group had only just started. Fig. 3.50 showed
the possible structure of the transition state of this step.
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X
HH
HSO4 OH2
δ- δ+
instead of
mostly bond breaking
predicted ρ is negative
mostly bond forming
ρ = +2.6
X
HH
HSO4 OH2
δ- δ+
Figure 3.50.: Transition state of the SN2 substitution step in pure [HC4im][HSO4].
On the left is the proposed transition state, on the right is a hypothetical transition
state if the ρ value was negative
3.7.3.2. Mixture of [HC4im][HSO4] and 1mol% H2SO4
Compared to the reactions in pure [HC4im][HSO4], reactions happened much faster
in the mixture of [HC4im][HSO4] and 1mol%H2SO4. Each mixture was run for 2
hours and readings were taken at 2 minute intervals. Plots of ln [X−PhCH2OH]
against time show linearity up to when [X−PhCH2OH] became less than 25% of
their starting concentrations (i.e. ln(A/A0) < -1.38). The rate constant kobs for
each reaction was obtained by getting the gradient of the linear part of the graphs.
Fig. 3.51 to Fig. 3.56 show the ln(A/A0) plots of the six benzyl alcohols.
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A/A0: ratio of the remaining concentration of benzyl alcohol over the initial concentration of
benzyl alcohol
Figure 3.51.: Ln plot of the extent of the reaction of benzyl alcohol in
[HC4im][HSO4] + 1mol% H2SO4 at 80°C
A/A0: ratio of the remaining concentration of 4-methylbenzyl alcohol over the initial
concentration of 4-methylbenzyl alcohol
Figure 3.52.: Ln plot of the extent of the reaction of 4-methylbenzyl alcohol in
pure [HC4im][HSO4] + 1mol% H2SO4 at 80°C
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A/A0: ratio of the remaining concentration of 4-methoxybenzyl alcohol over the initial
concentration of 4-methoxybenzyl alcohol
Figure 3.53.: Ln plot of the extent of the reaction of 4-methoxybenzyl alcohol in
pure [HC4im][HSO4] + 1mol% H2SO4 at 80°C
A/A0: ratio of the remaining concentration of 4-nitrobenzyl alcohol over the initial
concentration of 4-nitrobenzyl alcohol
Figure 3.54.: Ln plot of the extent of the reaction of 4-nitrobenzyl alcohol in pure
[HC4im][HSO4] + 1mol% H2SO4 at 80°C
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A/A0: ratio of the remaining concentration of 4-trifluoromethylbenzyl alcohol over the initial
concentration of 4-trifluoromethylbenzyl alcohol
Figure 3.55.: Ln plot of the extent of the reaction of 4-trifluoromethylbenzyl alcohol
in pure [HC4im][HSO4] + 1mol% H2SO4 at 80°C
A/A0: ratio of the remaining concentration of 4-chlorobenzyl alcohol over the initial
concentration of 4-chlorobenzyl alcohol
Figure 3.56.: Ln plot of the extent of the reaction of 4-chlorobenzyl alcohol in pure
[HC4im][HSO4] + 1mol% H2SO4 at 80°C
All graphs displayed a similar pattern with a descending straight line followed by a
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plateau. This suggests that the pseudo-first order relationship between the rate and
the concentration of the benzyl alcohols was true up until the equilibrium between
X−PhCH2OH and X−PhCH2HSO4 was reached. The rate of the reaction of 4-
methoxybenzyl alcohol was the fastest. In fact it was so fast that only 4 sample
points were obtained for the linear part of the graph.
The increase in acidity brought about by H2SO4 has definitely increased the rate
of the reactions in comparison to the same reactions in pure [HC4im][HSO4]. One
would expect that the stronger acid (H2SO4) would react with precedence over the
weaker acid ([HSO4]
−) and there would be a sharp decrease in rate when the H2SO4
is used up (at this point, [ROH]/[ROH]0 is around 89% and ln([ROH]/[ROH]0) is
around -0.11). However, reactions did not slow down as they passed this point.
Therefore, it is better to think of the sulfuric acid as a means to increase the acidity
of the reaction mixture, rather than an isolated concentration of acid. Since the
concentration of [HSO4]
− in pure [HC4im][HSO4] alone was enough to safely assume
that [H+] stayed constant throughout the course of the reaction, the mixture of
[HC4im][HSO4] + 1mol% H2SO4 should also fit into this assumption.
Similar to the case of [HC4im][HSO4] without added acid, for an SN1 reaction, kX is
equal to:
kX = k2Keq =
kobs
[H+]
(3.7.14)
and for an SN2 reaction:
kX = k2′Keq =
kobs
[H+][HSO4−]
(3.7.15)
Since the reaction mixture contained both [HSO4]
− and H2SO4, it was difficult to
determine the exact concentration of H+. Fortunately, the conditions of these ex-
periments were set so that the same acidity was achieved for all six samples i.e. [H+]
was the same in all six samples. Furthermore, eqn. 3.7.14 and eqn. 3.7.15 show
that the expressions of kX have the same dependence on the [H+] term for both the
SN1 and the SN2 mechanisms. Thus, the [H+] term can be ignored when compar-
isons between the kX values for different substituents are made. Consequently, the
203
3.7 Using Hammett’s plots to investigate the mechanisms of the nucleophilic
attack by the ionic liquids anions
expressions for kX were modified to:
kX, SN1 = kobs
kX, SN2 =
kobs
[HSO4−]
Table. 3.12 lists the kobs values for the reactions of the six benzyl alcohols.
Table 3.12.: Rate constants kX for reactions in [HC4im][HSO4] + 1mol% H2SO4
Substituent conc. of
benzyl
alcohols
(mol%)*
conc. of
ionic
liquid
(mol%)*
conc. of
H2SO4
(mol%)
kobs(min−1) kX, SN1
(min−1)
kX, SN2
(min−1)
H 9.18 89.92 0.91 1.37E-01 1.37E-01 1.53E-03
Me 9.07 90.02 0.91 1.22E-01 1.22E-01 1.36E-03
OMe 9.56 89.53 0.91 3.32E-01 3.32E-01 3.71E-03
NO2 9.03 90.06 0.91 1.08E-01 1.08E-01 1.19E-03
CF3 9.11 89.98 0.91 9.00E-02 9.00E-02 1.00E-03
Cl 9.01 90.08 0.91 9.67E-02 9.67E-02 1.07E-03
*mol%: molar percentage ratio of the moles of the chemical over the total moles of all reactants
in the reaction pot
Table. 3.13 lists the log(kX/kH) values if all the benzyl alcohols were following the
same mechanism.
Table 3.13.: log(kX/kH) assuming all reactants were following the same mechanism
in [HC4im][HSO4] + 1mol% H2SO4
Substituent log(kX/kH)
(SN1)
log(kX/kH)
(SN2)
H 0 0
Me -0.05 -0.05
OMe 0.38 0.39
NO2 -0.11 -0.11
CF3 -0.18 -0.18
Cl -0.15 -0.15
Fig. 3.57 shows the Hammett plot assuming all the benzyl alcohols reacted via the
SN1 mechanism. Fig. 3.58 shows the Hammett plot assuming all the benzyl alcohols
reacted via the SN2 mechanism.
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Figure 3.57.: Hammett plot in [C4C1im][HSO4] + 1mol% H2SO4 assuming all the
benzyl alcohols followed the SN1 mechanism
Figure 3.58.: Hammett plot in pure [C4C1im][HSO4] + 1mol% H2SO4 assuming
all the benzyl alcohols followed the SN2 mechanism
The two Hammett plots corresponding to all the benzyl alcohols following the same
mechanism show very poor correlation between σ and log(k/kH). Therefore, similar
to the reactions in pure [HC4im][HSO4], a change in mechanism is likely. Again, the
electron-donating groups (OMe and Me) would prefer to follow the SN1 mechanism,
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while the electron-withdrawing groups would prefer the SN2 mechanisms. Table. 3.14
lists the new log(kX/kH) values. Fig. 3.59 shows the Hammett plot that compiles
both reaction mechanisms.
Table 3.14.: log(kX/kH) values when reactants follow different mechanisms in
[HC4im][HSO4] + 1mol% H2SO4
Substituent Type of mechanism kX log(kX/kH)
H SN2 1.53E-03 0
Me SN1 1.22E-01 1.90
OMe SN1 3.32E-01 2.34
NO2 SN2 1.19E-03 -0.11
CF3 SN2 1.00E-03 -0.18
Cl SN2 1.07E-03 -0.15
*k of OMe and Me are SN1 values . k of H, CF3, Cl and NO2 are SN2 values.
Figure 3.59.: Hammett plot in [C4C1im][HSO4] + 1mol% H2SO4 in which both
reaction mechanisms SN1 and SN2 were used
Again, as there is a positive charge developing in the transition state of the SN1
mechanism, it is necessary to investigate the correlation of the rate constants with
σ+ values (Fig. 3.60). The R2 values reduced when σ is replaced with σ+, probably
due to the poor data point of 4-methoxybenzyl alcohol. The gradient of the line is
−2.8 ± 1.4. The error is too large for the magnitude of ρ+ to have any significant
meaning. Nevertheless, ρ+ is negative, which is in line with an SN1 mechanism.
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The ρ value of the SN2 part of the graph is again near zero. If the protonation
equilibrium constant Keq is similar as in the case of pure [HC4im][HSO4] (-2.8), then
the ρ value for the SN2 mechanism would be +2.7. The transition state of this step
would then be similar to that in pure [HC4im][HSO4] i.e. the attack of [HSO4]
− had
nearly finished while the leaving of the OH2 group had only just started. Fig. 3.61
showed the possible structure of the transition state of this step.
*k of OMe, OEt, Me, Et are SN1 values . k of H, CF3, Cl and NO2 are SN2 values.
Figure 3.60.: Hammett plot in pure [C4C1im][HSO4] using σ+
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X
HH
HSO4 OH2
δ- δ+
instead of
mostly bond breaking
predicted ρ is negative
mostly bond forming
ρ = +2.7
X
HH
HSO4 OH2
δ- δ+
Figure 3.61.: Transition state of the SN2 substitution step in [HC4im][HSO4] +
1mol% H2SO4. On the left is the proposed transition state, on the right is a
hypothetical transition state if the ρ value was negative
3.7.3.3. Neat [C4C1im]Cl
Preliminary results from sec. 3.5 have shown that [HC4im]Cl and [C4C1im]Cl cannot
substitute 4-methylbenzyl alcohol in the absence of HCl. However, further proof is
needed for other benzyl alcohols.
Each type of benzyl alcohol was added to [C4C1im]Cl at 1:10 ratio and heated
at 120°C overnight under a sealed nitrogen atmosphere. None of the NMR spectra
showed any sign of change after this period. Thus it can be confirmed that the benzyl
alcohols cannot react with the ionic liquid anions in the absence of additional acids.
3.7.3.4. [C4C1im]Cl + 6mol% HCl
IR analysis suggested that on addition to chloride ionic liquids HCl is completely
converted to [HCl2]
− (see chapter 4). These [HCl2]
− ions become the acidic species
of these mixtures. Thus in the mixture of [C4C1im]Cl and 6mol% HCl, all of the
HCl was completely converted to [HCl2]
− i.e. the initial concentration of [HCl2]
−
is equal to the concentration of HCl added. So even though [HCl2]
− is the species
that involves in the protonation step of the substitution reactions and not HCl, its
concentration is equal to the concentration of HCl added which means the [[HCl2]
−]
term in the rate equation can be substituted by [HCl].
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For these reactions, the concentration of the benzyl alcohols were roughly 9mol%
while that of the HCl is 6mol% (in relation to the total amount of moles of all of
the reactants). Clearly a pseudo-first order relationship to [ROH] is not applicable
in these reactions. Instead, the rate equation has to be solved with two variables.
Recalling the rate equation for the SN1 and SN2 reactions:
r = k2Keq[H+][X−PhCH2OH] (3.7.7)
r = k2′Keq[Anion][H+][X−PhCH2OH] (3.7.9)
Again, assuming that the concentration of the anion, Cl−, did not change much
during the course of the reaction, the rate equations can be rewritten as:
r = kobs[H+][X−PhCH2OH]
where kobs is equal to:
kobs,SN1 = k2Keq
kobs,SN2 = k2′Keq[Cl
−]
The solution for a second order rate equation r = k[A][B] if B is the one in excess
(mathematical proof can be found in the appendix) is :
ln
(
[B]
[B]0
× [A]0[A]
)
= ([B]0 − [A]0)kt
Thus ln( [ROH][ROH]0 ×
[HCl]0
[HCl] ) was plotted against time and kobs was obtained by dividing
the gradient by the difference in the concentrations of ROH and HCl.
Fig. 3.62 to Fig. 3.67 show the ln
(
[B]
[B]0
× [A]0[A]
)
plots of the six benzyl alcohols.
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A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of benzyl
alcohol. B0: initial concentration of benzyl alcohol
Figure 3.62.: Ln plot of the extent of the reaction of benzyl alcohol in [HC4im]Cl+
6mol% HCl at 80°C
A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of
4-methylbenzyl alcohol. B0: initial concentration of 4-methylbenzyl alcohol
Figure 3.63.: Ln plot of the extent of the reaction of 4-methylbenzyl alcohol in
[HC4im]Cl+ 6mol% HCl at 80°C
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A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of
4-methoxybenzyl alcohol. B0: initial concentration of 4-methoxybenzyl alcohol
Figure 3.64.: Ln plot of the extent of the reaction of 4-methoxybenzyl alcohol in
[HC4im]Cl+ 6mol% HCl at 80°C
A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of
4-nitrobenzyl alcohol. B0: initial concentration of 4-nitrobenzyl alcohol
Figure 3.65.: Ln plot of the extent of the reaction of 4-nitrobenzyl alcohol in
[HC4im]Cl+ 6mol% HCl at 80°C
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A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of
4-trifluoromethylbenzyl alcohol. B0: initial concentration of 4-trifluoromethylbenzyl alcohol
Figure 3.66.: Ln plot of the extent of the reaction of 4-trifluoromethylbenzyl alcohol
in [HC4im]Cl+ 6mol% HCl at 80°C
A: concentration of remaining HCl. A0: initial concentration of HCl. B: concentration of
4-chlorobenzyl alcohol. B0: initial concentration of 4-chlorobenzyl alcohol
Figure 3.67.: Ln plot of the extent of the reaction of 4-chlorobenzyl alcohol in
[HC4im]Cl+ 6mol% HCl at 80°C
While it was relatively easy to integrate the NMR spectra of OMe, Me and unsub-
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stituted benzyl alcohols, it was very difficult to monitor the reactions of NO2, CF3
and Cl benzyl alcohols. The reason lies in the slow rates of the latter three alcohols.
The peaks of the starting benzyl alcohols remained much bigger than the peaks of
the benzyl chloride products throughout the monitoring period. Being close to each
other, in many spectra the product peaks lie on the shoulder of the reactant peaks,
resulting in unavoidable fluctuation in the reading of the integration. Hence the R2
values of the ln plots of NO2, CF3 and Cl (Fig. 3.65 to Fig. 3.67) were smaller than
those of H, Me and OMe (Fig. 3.62 to Fig. 3.64)
Table. 3.15 lists the kobs constant for these six reactions.
Table 3.15.: kobs values of the reactions of benzyl alcohols in [C4C1im]Cl + 6 %HCl
Substituent conc. of
benzyl
alcohols
(mol%)*
conc. of
HCl
(mol%)
conc. of
ionic
liquid
(mol%)*
Gradient
of ln plots
kobs(min−1)
H 8.3 5.2 86.5 3.85E-04 1.24E-04
Me 8.5 5.2 86.3 1.08E-03 3.20E-04
OMe 6.9 5.3 87.9 2.89E-03 1.82E-03
NO2 7.0 5.3 87.7 2.47E-05 1.41E-05
CF3 7.9 5.2 86.9 1.20E-04 4.46E-05
Cl 5.5 5.4 89.3 2.22E-06 8.30E-05
*mol%: molar percentage ratio of the moles of the chemical over the total moles of all reactants
in the reaction pot
Similar to the reactions in pure [HC4im][HSO4] and [HC4im][HSO4] + 1mol% H2SO4,
the kX values for individual substituent are dependent on the type of mechanisms
they follow.
Table. 3.16 lists the kX and the log(kX/kH) values if all the benzyl alcohols were
following the same mechanism.
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Table 3.16.: log(kX/kH) assuming all reactants were following the same mechanism
in [C4C1im]Cl + 6mol% HCl
Substituent kX (SN1) kX (SN2) log(kX/kH)
(SN1)
log(kX/kH)
(SN2)
H 1.43E-06 1.65E-08 0 0
Me 3.71E-06 4.30E-08 0.41 0.42
OMe 2.08E-05 2.36E-07 1.16 1.16
NO2 1.60E-07 1.83E-09 -0.95 -0.96
CF3 5.14E-07 5.91E-09 -0.44 -0.45
Cl 9.30E-07 1.04E-08 -0.19 -0.20
Fig. 3.68 shows the Hammett plot assuming all the benzyl alcohols reacted via the
SN1 mechanism. Fig. 3.70 shows the Hammett plot assuming all the benzyl alcohols
reacted via the SN2 mechanism. Fig. 3.69 shows the Hammett plot assuming all the
benzyl alcohols reacted via the SN1 mechanism using σ+ values. Fig. 3.71 shows
the Hammett plot assuming all the benzyl alcohols reacted via the SN2 mechanism
using σ+ values.
Figure 3.68.: Hammett plot in [C4C1im]Cl + 6mol% HCl assuming all the benzyl
alcohols followed the SN1 mechanism
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Figure 3.69.: Hammett plot using σ+ in [C4C1im]Cl + 6mol% HCl assuming all
the benzyl alcohols followed the SN1 mechanism
Figure 3.70.: Hammett plot in [C4C1im]Cl + 6mol% HCl assuming all the benzyl
alcohols followed the SN2 mechanism
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Figure 3.71.: Hammett plot using σ+ in [C4C1im]Cl + 6mol% HCl assuming all
the benzyl alcohols followed the SN2 mechanism
Good Hammett correlations were seen when all the benzyl alcohols followed the
same mechanism. Better correlations were seen when σ+ was used instead of σ,
reflecting the enhanced resonance effect of the substituents. So which mechanism
did the reactants follow? If it was the SN1 mechanism, then a large negative value
of ρ would be expected, since there is a development of a full positive charge in
the intermediate. A value of -1.274 (Fig. 3.69) is only a moderate negative number.
Therefore the SN1 mechanism is unlikely to be the mechanism for this reaction.
A value of -1.275 for an SN2 mechanism is more reasonable. As there is better
correlation between the rates and σ+ rather than σ, the substitution step must have
a negative ρ value rather than a positive ρ value. It is likely that the -1.275 consists
of a moderate negative value for the protonation equilibrium and a small negative
value for the SN2 step. Hence, the transition state of the substitution step should
consist of more of the leaving of the OH+2 than the binding of the Cl− nucleophile
(Fig. 3.72).
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X
HH
Cl OH2
δ- δ+
instead of
mostly bond breaking
ρ is negative
mostly bond forming 
predicted ρ is positive
X
HH
Cl OH2
δ- δ+
Figure 3.72.: Transition state of the SN2 substitution step in [C4C1im]Cl + 6mol%
HCl. On the left is the proposed transition state, on the right is a hypothetical
transition state if the ρ value was positive
The fact that all reactants followed the SN2 mechanism is reflective of the fact that
the nucleophilicity of the chloride ions is stronger than that of the hydrogensulfate
ions. Because they are stronger, the chloride ions participate in the rate determining
step in all reactions. The weaker nucleophile, [HSO4]
−, only joins in when the benzyl
alcohols are too electron-deficient to proceed through the SN1 mechanism.
3.7.4. Conclusions
In this chapter, the use of ionic liquids as dual reagent and solvent for nucleophilic
substitution reactions was demonstrated. Out of the four types of ionic liquids
tested, [HSO4]
−, [H2PO4]
− and Cl− ionic liquids were shown to successfully sub-
stitute the hydroxyl group of 4-methylbenzyl alcohol. Results showed that hydro-
genphosphate and chloride ionic liquids only substitute in the presence of their
corresponding acids i.e. H3PO4 and HCl. [HSO4]
− ionic liquids on the other hand
do not need H2SO4 to succeed because they are intrinsically acidic. Acetate ionic
liquid, [C2C1im][OAc], failed to substitute the hydroxyl group even in the presence
of AcOH; possibly due to AcOH being a weaker acid than H3PO4, even though
[OAc]− is a stronger nucleophile than [H2PO4]
−.
Investigation of the mechanism of the reactions in [HC4im][HSO4] and [C4C1im]Cl
using Hammett plots were carried out. The necessity of acids means that there
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is a protonation equilibrium preceding the substitution step. The Hammett plots
for [HC4im][HSO4] showed a change in the mechanism midway across the benzyl
alcohol series, in both the presence and absence of H2SO4. The electron-donating
substituents (OEt, OMe, Et and Me) prefer to react via an SN1 mechanism while
the electron-withdrawing substituents (H, Cl, CF3 and NO2) prefer to react via an
SN2 mechanism. Correlation of the rates with σ+ values produced more reasonable
values of ρ than σ values, reflecting the enhance resonance effect of the substituents.
Reactions happened faster in the presence of H2SO4, due to the higher acidity. The
ρ+ values for the SN1 mechanism are -7.28 and -2.83 in the absence and presence of
H2SO4 respectively. However, the ρ+ value in the presence of H2SO4 (-2.83) is likely
to be erroneous in magnitude, due to the small number of data points available for
the very fast reaction of 4-methoxybenzyl alcohol. The ρ values for the SN2 mecha-
nism are -0.24 and -0.10 in the absence and presence of H2SO4 respectively. These
small near zero values suggest a negative ρ value for the protonation equilibrium,
and a positive ρ value for the substitution step. Therefore, the transition state of
the SN2 substitution step should be composed of more of the binding of the [HSO4]
−
than the leaving of the OH2 group.
As for the [C4C1im]Cl ionic liquid, none of the benzyl alcohols reacted in the absence
of HCl, further confirming the necessity of the acid. In the presence of HCl, the
Hammett plot showed good correlation between the log(k/kH) values and σ+. A ρ+
value of -1.274 suggests an SN2 mechanism for the whole series. This moderate ρ+
value suggests a moderate negative ρ value for the protonation equilibrium, and a
small negative ρ value for the SN2 substitution step. The better correlation of σ+
instead of σ is reflective of the enhanced resonance effect of the substituents. A
negative ρ value also means that there is more of the leaving of the OH2 group than
the binding of the Cl− in the transition state of the substitution step. Reactions
are slower in [C4C1im]Cl than in [HC4im][HSO4], probably due to the high viscosity
of the [C4C1im]Cl. The fact that all the reactants followed the SN2 mechanism is
reflective of the stronger nucleophilicity of the Cl− ions over the [HSO4]
− ions.
3.8. Further work
It has been shown in this study that higher acidity increased the rate of the nucle-
ophilic substitution reaction (mixture of [HC4im][HSO4] and H2SO4 reacted faster
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than pure [HC4im][HSO4]). Further work could be done on quantifying the rela-
tionship between the acidity of the ionic liquid and the rate of the reaction. Acidity
can be measured using Hammett bases or mesityl oxide as demonstrated in chapter
2. However, since viscosity also affects the rate of the reaction, all reactions may
have to be carried out at high temperature to ensure that the only variable across
different mixtures is the acidity of the solutions.
The potential economic values of the products of these substitution reactions are
definitely worth exploring. Out of all the ionic liquids tested, [HC4im][HSO4] is
definitely the brightest candidate. Its synthesis is simple and quick; it is non-volatile
and the yield is good. Chloride ionic liquids gave very good yield, but HCl is toxic.
Hydrogenphosphate ionic liquids are not as good, because of the slow reactions and
the low yield. Of course, the extraction process of the alkyl hydrogensulfate and
alkyl chloride products must be perfected. Research could be carried out on a two-
step substitution reaction in which alcohols are converted to alkyl chlorides/alkyl
hydrogen sulfates followed by conversion of these to the products of interest, all in
the same ionic liquid solvent, eliminating the need to isolate the alkyl chloride/alkyl
hydrogensulfate intermediates.
Even though the substitution reactions failed for [C2C1im][OAc] ionic liquid, the use
of a stronger acid instead of AcOH should be tested.
This study was limited to alcohols that do not have hydrogens on the adjacent carbon
to prevent competing elimination reactions. Further work can be done on other
alcohol substrates to test the selectivity of ionic liquids for nucleophilic substitution
and elimination reactions.
Finally, exploration of other ionic liquids that can be dually used as solvents and
nucleophilic reagents are definitely worth doing. Anions of interest would be thio-
cyanate (SCN−) or the conjugate bases of amino acids (NH2CHRCOO−).
Acknowledgements Some of the results in this chapter were taken with the assis-
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Chapter 4.
A study of the structure of
hydrogendichloride ionic liquids using
infrared spectroscopy
4.1. Introduction
In 2006, BASF patented a process in which alcohols are converted to alkyl chlo-
rides using gaseous HCl in chloride ionic liquids.14 The starting materials are 1-
methylimidazole, hydrogen chloride gas and 1,6-hexanediol (Fig. 4.1). The chloride
ionic liquid is formed when 1-methylimidazole reacts with HCl to form [HC1im]Cl.
This process converts the cheap but rather inert (towards substitution reactions) al-
cohols to highly reactive chloride compounds, which can be used as building blocks
for more complicated molecules.
OH
HO
Cl
Cl1-methylimidazole, HCl
80oC-135oC
1,6-hexanediol 1,6-dichlorohexane
Figure 4.1.: BASF process of converting alcohols to chlorides using HCl dissolved
in chloride ionic liquids14
Aside from the potential economic value, from an analytical point of view, these
ionic liquid mixtures also offer interesting insight into how acids interact with the
ionic liquid ions. Being in the gaseous state, HCl must form strong bonds with the
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ionic liquid ions to be able to dissolve in these at high concentration. The presence of
the chloride ions suggests the possibility of hydrogen bonding between HCl and Cl−.
With the advantage of chloride and HCl being very simple species, these mixtures
are ideal models to study such interactions in ionic environments. This chapter is
dedicated to the study of the structure of mixtures of chloride ionic liquids and HCl.
4.2. Literature review on the structure of mixtures of
Cl- salts and HCl
Research on the structure of mixtures of chloride salts and HCl has been carried out
by several research groups.129–132 It was suggested that the most prevalent anion
present in these mixtures is [HCl2]−, based on IR16,133 and 1H NMR data.16,129,130
IR spectra of mixtures of [C2C1im]Cl and HCl at various compositions showed no
significant absorption at 2600-2800cm−1, the region in which molecular HCl should
absorb.16 The NMR spectra of mixtures of chloride salts and HCl showed a peak
at around 13ppm. Molecular HCl in solutions does not usually give a peak in 1H
NMR spectra, due to the fast exchange of the proton with the environment. Thus
the peak at 13ppm was assigned to [HCl2]−. Integration of this peak matched the
concentration of the HCl in these mixtures, thus leading to the conclusion that all
HCl had been converted to [HCl2]
−.16,129,130 This species is formed when a Cl− ion
forms a hydrogen bond to a HCl molecule, as follows:
HCl + Cl− −−⇀↽− [HCl2]−
The equilibrium constant for this reaction was reported to be 5 × 102mol−1dm3 in
nitrobenzene.134 Hydrogen bonds are usually considered weak associations between
molecules, much weaker than covalent bonds. However, in particular cases, the
hydrogen atom could be shared equally between the two electronegative atoms,
resulting in stronger hydrogen bonds. These types of bonds are called “very strong”
hydrogen bonding. Reviews by Tuck135 and Emsley136 suggested that in [HX2]
−
compounds (X = F, Cl or Br), the presence of very strong hydrogen bonding is
possible. In fact results by Johnson16,129,137 reported that the HCl was so strongly
bonded in chloride ionic liquids that there was negligible amount of molecular HCl
present. In another article, simulations using density functional theory also showed
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immediate formation of [HCl2]
− when [C1C1im]Cl and HCl were mixed.138
4.2.1. Preparation of [HCl2]- salts
The most popular method of forming [HCl2]− salts is to expose the chloride salts
to anhydrous HCl gas.129,135,136 Since there are no side products, the ratio of HCl
to the chloride salts can be controlled by monitoring the weight of the reaction
flask. In some cases, excess HCl can be removed in vacuo to produce the desired
ratio. Furthermore, the hydrogen in [HCl2]− has also been reported to appear as
one isolated sharp peak in 1H NMR spectra129 thus its integration can be used to
double-check the ratio between HCl and chloride salts.
4.2.2. Possible structures of [HCl2]- anions
4.2.2.1. Linear [HCl2]-
Hydrogen bonding is the strongest if the hydrogen bond is aligned with the axis
of the donor molecule (i.e. Y—H-X is a straight line). According to Emsley,136
assuming that the anion [HCl2]
− is a linear molecule, there are two possible point
groups that the [HCl2]
− can belong to, the D∞h and the C∞v point groups (Fig. 4.2).
In D∞h the [HCl2]
− molecule is linear and symmetric i.e. the proton is in the centre.
In C∞v the ion is also linear but the proton is offset. To distinguish between D∞h
and C∞v, infrared (IR) spectroscopy can be used. IR spectroscopy reflects the point
group symmetry and the bond strength of a molecule, thus is an extremely powerful
technique for determining the geometry of [HCl2]
−. However, IR is only active for
vibration modes that cause a change in the dipole moment of the molecule. Vibration
modes which are not IR active can be detected by Raman spectroscopy.
Cl H Cl[ ]
(a) D∞h
Cl H Cl[ ]
(b) C∞v
Figure 4.2.: Two possible point groups for the linear [HCl2]
− molecule
There are three stretching modes in the [HCl2]
− ions. Evans et al 20 reported the
following absorption wavenumbers for these modes (Table. 4.1). These results were
later confirmed in studies by Johnson,129 Osteryoung133 and Kawaguchi.139
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Table 4.1.: Stretching modes of the linear [HCl2]
− ion and their corresponding
wavenumbers20
Mode of
stretchings
IR peaks in D∞h
configuration
(cm−1)
IR peaks in C∞v
configuration
(cm−1)
Cl H Cl Symmetric
stretch ν1
Not IR active ~200
Cl H Cl In plane ν2 1000-1050, firstovertone (2ν2)
at 1950
1080-1210, first
overtone (2ν2)
at ~2050-2240
Cl H Cl
- + - Out of plane
stretch ν2
Cl H Cl Asymmetric
stretch ν3
730-810, first
overtone (2ν3)
at 1640-1700
1525-1660
In D∞h structures, only ν2 and ν3 are IR active, ν1 is Raman active. In C∞v
structures, all stretching modes are IR active. For the same modes, the wavenumbers
are higher in C∞v than in D∞h, which is reasonable since a greater change in dipole
moments should be expected in the asymmetric ions.
4.2.2.2. Non-linear [HCl2]-
Less research has been done on non-linear [HCl2]- structure, probably due to the
fewer number of salts that exhibit non-linear geometry. As mentioned earlier, hy-
drogen bonding is the strongest when the donor and the acceptor are aligned. Thus
if [HCl2]
− was bent, there must be very strong interactions between the [HCl2]
− ion
and the surrounding counter-cations present.
There are two possible point groups that a non-linear [HCl2]
− ion can belong to,
the C2v and the Cs point groups (Fig. 4.3). In C2v, the molecule is bent and the
two H-Cl bonds are equal in length. In Cs, the molecule is bent and the two H-Cl
bonds are different in length. The presence of non-linear [HCl2]
− ion was confirmed
for two salts, ceasium hydrogendichloride (Cs[HCl2]) by Raman spectroscopy140
and bis(ethylenedithio)tetrathiafulvalene hydrogendichloride ([BEDT-TTF][HCl2])
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by crystallography.131 The Cs[HCl2] salt was concluded to be bent because of the
presence of a peak at 612cm−1 in the Raman spectrum (ν2), which should not
have been visible if the [HCl2]
− ion had been linear. For the [BEDT-TTF][HCl2]
salt, crystallographic data showed that the Cl-H-Cl angle in this salt is 160°. The
Cs[HCl2] salt was reported to absorb at 199cm−1 (ν1), 602cm−1 and 660cm−1 (ν2),
1200cm−1 (2× ν2) and 1670cm−1 (ν3).140 These wavenumbers did not help in iden-
tifying whether the structure was C2v or Cs, but were distinguishable from those
of linear molecules. If Cs[HCl2] wavenumbers were to be used as the standard for
bent [HCl2]
− geometry, then the most distinguishing features between the bent and
linear geometries are the overtones of ν2 (1200cm−1 for bent molecules and around
2000cm−1 for linear molecules).
H
Cl Cl
(a) C2v
H
Cl
Cl
(b) Cs
Figure 4.3.: Two possible point groups for the non-linear [HCl2]
− molecule
4.2.3. Factors that control the geometry of [HCl2]-
The geometry of [HCl2]
− is dependent on the counter cations as well as the ratio of
HCl gas to the chloride salts.
Counter cations Table. 4.2 shows the geometries of three different [HCl2]
− salts
obtained by X-ray, neutron diffractometry and Raman spectroscopy.
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Table 4.2.: Geometry of hydrogendichloride salts obtained by X-ray, neutron
diffraction studies and Raman spectroscopy
Salts Distance
Cl—Cl
Technique
used Geometry and C-H bond length
CsCl([H3O]+[HCl2]−) 314pm X-ray
Proton was not located, but ion
was suggested to be linear and
symmetric141
[Me4N][HCl2] 322pm
Neutron
diffraction
Cl H Cl
136.8pm 185.0pm[ ]
142
Cs[HCl2] n/a
Raman
spec-
troscopy
Non-linear structure140
X-ray and neutron diffractometry provide the most definite answer to the structure
of [HCl2]
− ions. However, the amount of data is limited, probably due to the dif-
ficulty of these techniques. Nevertheless, from Table. 4.2, it can be seen that the
geometry of [HCl2]
− varies with the cations. Take cesium salts as an example, in
the anhydrous salt (Cs[HCl2]) the [HCl2]
− is asymmetric; while in the slightly wet
salt (CsCl([H3O]+[HCl2]−)), the [HCl2]
− is symmetric. Apparently the presence of
[H3O]
+ ions affects the arrangement of the Cs+ ions around the [HCl2]
− ions, making
it symmetric.
Two papers by Smith et al 15,143 reported the use of nuclear quadrupole resonance
spectroscopy (35Cl NQR) to detect the position of the hydrogen between the two
chlorides in five hydrogendichloride salts. Out the the five, three were ammonium
salts and two were inorganic salts based on cesium metal, the same as in the neutron
diffraction studies.140,141 Depending on the cations, the hydrogen could be centred
or non-centred. Smith stated that in the case of symmetric [HCl2]
−, the two chlorine
atoms are equivalent and they appear as one peak at 12MHz. In the case of asym-
metric [HCl2]
−, which could be represented as Cla—H-Clb, Clb appears at 20MHz
instead of 12MHz, because less negative charge is distributed to this chlorine atom.
The “ionic” Cla is heavily shielded by the negative charge thus would appear at a
more upfield region. Unfortunately the chemical shift of Cla, which Smith assumed
to be at 8MHz, was outside the range of his experiments (10-27MHz only), thus
only a peak at 20MHz was detected for these types of salts. Upon deuteration, a
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downfield shift of 0.8MHz was observed in the asymmetric salts; while the symmet-
ric salts only change by 0.1MHz. This observation can be explained as follows: the
extra neutron in deuterium causes it to have a slightly higher electronegativity than
proton. As a result, the chlorine atoms in both types of [HCl2]
− experience a down-
field shift. The effect is stronger on the chlorine that was covalently bonded to D,
i.e. Clb, because the bond is shorter. In the symmetric salts, the effect is shared by
both chlorine atoms, thus a smaller change in chemical shift was observed. Table. 4.3
lists the chemical shifts and the position of the chlorine atoms in each salt.
Table 4.3.: 35Cl NQR shifts and position of the hydrogen atom in hydrogendichlo-
ride salts
Salts
35Cl NQR
frequency
(MHz) at
294K
35Cl NQR
frequency
(MHz) on
deuteration
at 294K
Change in
frequency
(MHz)
Structure of
[ClHCl]−
[Et4N][HCl2]15 11.89 12.01 0.12 H-centred
[Me4N][HCl2]15 19.51 20.23 0.72
Non-H-
centred
[Et3NH][HCl2]143 22.81
Non-H-
centred
CsCl([H3O]+[HCl2]−)15 11.89 12.05 0.16 H-centred
CsHCl2 15 20.47 21.28 0.81
Non-H-
centred
To explain what caused the asymmetry in [Et3NH][HCl2], Smith143 proposed that
the structure involved hydrogen bonding from the hydrogen of the [Et3NH]+ cation
to the [HCl2]
− anion, along the direction of the [Cl-H-Cl]− axis (Fig. 4.4). This
induces the asymetricity in the [Cl-H-Cl]− anion, and lengthens the distance between
Cla and the hydrogen atom. Compared to [Me4N][HCl2] which is also asymmetric
but non-hydrogen bonding, the chemical shift in [Et3NH][HCl2] is higher (22.81MHz
as compared to 19.51MHz), because the hydrogen bonding from the cation has
withdrawn more electrons from Clb.
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Et3N Cla H ClbH
(a)
Et3N ClaHClbH
(b)
Figure 4.4.: Hydrogen bonding along the axis of [Cl-H-Cl]− anion in [Et3NH][HCl2]
Structure 4.4a is to be preferred over structure 4.4b, on the basis that the cation
is most likely hydrogen bonded to the chlorine carrying the larger negative charge.
Smith also attempted to explain the reason why [Me4N][HCl2] is asymmetric while
[Et4N][HCl2] is symmetric.143 The cation has an attracting Coulombic effect on the
[ClHCl]− anion, as shown in Fig. 4.5.
Cl H Cl
θ
Cation
R
R is distance between the cation and the middle point of the [Cl-H-Cl]− axis
θ is the value of the angle as shown
Figure 4.5.: Electrostatic effect of a positive charge cation on the symmetricity of
[ClHCl]−. Scheme reconstructed from Smith’s paper15
In Fig. 4.5, the distance of the hydrogen from Clb is dependent on the angle θ.
Because of the electrostatic interactions, as the cation moves, the hydrogen will move
as well. The structure would only be symmetric when θ is 90°. Smith explained
that, with a small cation like [Me4N]+, the most electrostatic stable state is for the
[Me4N]+ to be closer to Clb, rather than at right angles to the ClHCl axis. R is small
thus the coloumbic effect is large enough to cause asymmetry. With the longer alkyl
chain ammonium ions, such as [Et4N]+, R is large so the most electrostatic stable
state is for the cations to have equal interaction with both chlorines, resulting in a
symmetric structure.
Unfortunately, the NMR technique used by Smith is no longer accessible. Mod-
ern NMR spectrometers have fixed magnetic frequency (for example at 400MHz).
Therefore this method cannot be repeated on new samples of [HCl2]
− salts.
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Ratio of HCl to the chloride salts A study by Johnson16 on the IR spectra of
mixtures of HCl with the chloride ionic liquid [C2C1im]Cl reported the absence of
molecular HCl in all mixtures (broad bands in the region 2600-2800cm−1 according
to Osteryoung133). He reported presence of [HCl2]
− anions at low concentration
of HCl and additional [H2Cl3]
− and [H3Cl4]
− anions at high concentration of HCl.
[H2Cl3]
− and [H3Cl4]
− are formed as follows:
[HCl2]
− + HCl −−⇀↽− [H2Cl3]−
[H2Cl3]
− + HCl −−⇀↽− [H3Cl4]−
Fig. 4.6 shows the IR spectrum of the 1:1 mixture of HCl and [C2C1im]Cl in John-
son’s study. Table. 4.4 lists the peaks that correspond to the stretchings of [HCl2]
−.
Using Evans’s assignment of peaks as reference, the [HCl2]
− in this mixture is sym-
metric.
Figure 4.6.: IR spectrum of 1:1 mixture of HCl and [C2C1im]Cl. Image taken from
Johnson’s paper16
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Table 4.4.: IR absorptions of a 1:1 ratio of HCl and [C2C1im]Cl mixture16
Peaks (cm−1) Description
Very broad band at 2026 Overtone of ν2 of [HCl2]
−
Several broad bands in the region 1150-750 ν2 and ν3 of [HCl2]
−
Fig. 4.7 shows the IR spectrum of the 2:1 mixture of HCl and [C2C1im]Cl in John-
son’s study. Table. 4.5 lists the peaks that correspond to the stretches of the anions,
in this case there are more than one. A strong broad band covering the whole 2200-
1600 cm−1 region was reasoned by Johnson to be due to [H2Cl3]
− and [H3Cl4]
−. His
assignments were backed up by Ab initio thermodynamic calculation.144
Figure 4.7.: IR spectrum of 2:1 mixture of HCl and [C2C1im]Cl. Image taken from
Johnson’s paper16
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Table 4.5.: IR absorptions of a 2:1 ratio of HCl and [C2C1im]Cl mixture. Data
taken from Johnson’s paper16
Peaks (cm−1) Description
Strong broad band over the
whole region of 2200-1600
belong to [H2Cl3]
− and [H3Cl4]
−
1086, 942 [HCl2]
−, ν2
Summary The geometry of the [HCl2]
− anion is dependent on the cations and the
ratio of the HCl to the chloride salts. Asymmetric [HCl2]
− was observed when the
cations are hydrogen-bonding or when the sizes of the cations were small enough to
distort the balance of charge in [HCl2]
−. The ratio of HCl to chloride salts decides
the cluster size of the anions, with [HCl2]
− being the sole anion if the ratio is low, and
additional presence of [H2Cl3]
− and [H3Cl4]
− when the ratio is high. Bent [HCl2]
− is
rare, since the hydrogen bonding between HCl and Cl− is the strongest when they
are aligned.
4.3. Measurement of mixtures of ionic liquids and
HCl gas
4.3.1. Brief overview of experimental procedure
Four different ionic liquids were mixed with HCl gas under anhydrous condition at
room temperature. The gas was supplied by BOC, the ionic liquids were synthe-
sized according to standard procedures (detail synthesis of the ionic liquids can be
found in the synthesis chapter). To each reaction flask, 10g of each ionic liquid was
added, stirred and exposed to a flow of HCl gas. The flow of HCl gas was stopped
when all the chloride ionic liquids had turned completely liquid (they are solid at
room temperature); except for [C4C1im][NTf2] which was already liquid at room
temperature the gas was left on for one hour. When finished, each reaction flask
was immediately capped so as to keep an atmosphere of HCl above the reaction
mixtures. All mixtures were analyzed within one day of their synthesis. The ratio
of HCl to ionic liquids was checked by titration against a solution of NaOH using an
TITROLINE® EASY automatic titrator. Water content of the samples was checked
230
4.3 Measurement of mixtures of ionic liquids and HCl gas
using a TITROLINE Karl-Fischer titrator. IR spectra were collected using a Perkin-
Elmer ATR-FTIR spectrometer. This IR spectrometer allows the recording of neat
samples without nujol mull; however, its working range is limited to 650-4000cm−1.
Thus the absorbances due to the symmetric stretching ν1 around 200cm−1 cannot
be detected.
4.3.2. [C4C1im][HCl2]
When [C4C1im]Cl reacted with HCl, it changed from being a white solid to a slightly
yellow liquid. The water content of the product was 491.5ppm, an equivalent of
0.6mol%. The ratio of HCl to [C4C1im]Cl was 1:1.09. IR spectrum of this mixture
is shown in Fig. 4.8.
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Figure 4.8.: IR spectrum of [C4C1im][HCl2]
Figure 4.9.: IR spectrum of pure [C4C1im]Cl
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In comparison to the spectrum of neat [C4C1im]Cl (Fig. 4.9), the absorption of
[C4C1im][HCl2] appears to be much stronger below 2800cm−1. Most note-worthy
features include three broad peaks at 2393, 2023 and 1613cm−1, indicative of hy-
drogen bonding within the [HCl2]
− ions. Compared to Johnson’s study16 of a 1:1
mixture of HCl and [C2C1im]Cl (Fig. 4.6), there are some similarities. However, all
the peaks appear at higher wavenumbers in [C4C1im][HCl2] than in [C2C1im][HCl2].
The peaks at 2393cm−1 and 2023cm−1 correspond to the overtones of ν2 stretches
of [HCl2]
−. This value of 2 × ν2 means that the molecule cannot be bent. The
presence of a peak at 1613cm−1 corresponds to a ν3 stretching mode. These values
suggest that the configuration of [Cl-H-Cl]− is C∞v i.e. the molecule is asymmetric,
as opposed to being symmetric in [C2C1im][HCl2]. Comparison to the 2:1 mixture of
HCl and [C2C1im]Cl (Fig. 4.7), the 1:1 mixture of HCl and [C4C1im]Cl does not have
that strong broad band in the region 1600-2200cm−1, which means that there was no
presence of [H2Cl3]
− or [H3Cl4]
−. Table. 4.6 lists the peaks and their corresponding
stretching modes in [C4C1im][HCl2].
Table 4.6.: IR peaks of [C4C1im][HCl2]
Peaks (cm−1) Intensity Description
2393 Strong and broad
ν2 overtones of [Cl-H-Cl]−
2023 Strong and broad
1613 Weak and broad ν3 of [Cl-H-Cl]−
4.3.3. [C4C1pyrr][HCl2]
When [C4C1pyrr]Cl reacted with HCl gas, the colour changed from a white solid to
a golden liquid. The water content of the product was 2648ppm or 3mol%. The
ratio of HCl to [C4C1pyrr]Cl was 1:0.8 i.e. there was more HCl than [C4C1pyrr]Cl
in this mixture. Fig. 4.10 shows the IR spectrum of [C4C1py][HCl2].
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Figure 4.10.: IR spectrum of [C4C1py][HCl2]
Figure 4.11.: IR spectrum of pure [C4C1pyrr]Cl
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Similar to [C4C1im][HCl2], the spectrum of [C4C1pyrr][HCl2] shows a much stronger
absorption than neat [C4C1pyrr]Cl below 2800cm−1 (Fig. 4.11). The most notable
feature is the identical presence of three strong and broad peaks at 2381, 1988 and
1613cm−1 as in [C4C1im][HCl2] (see Fig. 4.12 for an overlaid spectrum of [C4C1im][HCl2]
and [C4C1pyrr][HCl2]). This result means that [C4C1pyrr][HCl2] also contains asym-
metric [HCl2]
− anions. Not only that, the [HCl2]
− species must be exactly the
same as in [C4C1im][HCl2] to produce such similar absorbances over the region
1600-2400cm−1. This result is surprising considering the difference between the two
cations. [C4C1im]
+ possesses an acidic proton at the C2 position that is capable of
forming a hydrogen bond with [ClHCl]− anion (Fig. 4.13), whereas [C4C1pyrr]+ does
not. The fact that the two mixtures produced identical absorbances in the region
1600-2400cm−1 means that the hydrogen bonding between [C4C1im]
+ and [HCl2]
−
is not significant.
Figure 4.12.: Overlaid spectrum of [C4C1im][HCl2] and [C4C1pyrr][HCl2]
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N
N
(CH2)3
H Cl H Cl
acidic proton
Figure 4.13.: Possible hydrogen bonding between the imidazolium cation and the
[ClHCl]− anion
Table 4.7.: IR peaks of [C4C1pyrr][HCl2]
Peaks (cm−1) Intensity Description
2381 Strong and broad
ν2 overtones of [Cl-H-Cl]−
1988 Strong and broad
1613 Weak and broad ν3 of [Cl-H-Cl]−
There is no strong broad band covering the whole 1600-2000 cm−1 range either,
which means there are none or very little [H2Cl3]
− or [H3Cl4]
−present, even though
the ratio of HCl to [C4C1pyrr]Cl was 1:0.8. Table. 4.6 lists the peaks and their
corresponding stretching modes in [C4C1pyrr][HCl2].
4.3.4. [HC4im][HCl2]
When [HC4im]Cl reacted with HCl, it changed from being a white solid to a colour-
less liquid. The water content of the product was 650ppm or 0.7mol%. The ratio of
HCl to [HC4im]Cl was 1:1.09. IR spectrum of this mixture is shown in Fig. 4.14.
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Figure 4.14.: IR spectrum of [HC4im][HCl2]
Figure 4.15.: IR spectrum of [HC4im]Cl
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There is a stark difference between the IR spectra of pure [HC4im]Cl (Fig. 4.15) and
[HC4im][HCl2] (Fig. 4.14). Subtracting the peaks due the imidazolium ring stretches
using the [HC4im]Cl spectrum as the reference, identifiable peaks for [HCl2]
− in
[HC4im][HCl2] are at 2092, 1711 and 1013cm−1. These values suggest a linear
symmetric geometry for the [HCl2]
− ions. This finding is opposite to the finding
of Smith143 for trialkylammonium salts ([Et3NH][HCl2] has asymmetric [HCl2]
−).
The cause of these differences is either that there is no hydrogen bonding between
[HC4im]
+ and [HCl2]
−; or there is, but on both Cl atoms of [HCl2]
−, as shown below.
[HC4im]
+−−−[ClHCl]−−−−[HC4im]+
There is a strong absorbance in the spectrum of pure [HC4im]Cl, at 2659cm−1
(Fig. 4.15), that is missing in the mixture of [HC4im]Cl and HCl. This peak is
due to the stretching of the N-H bond of the imidazolium, when that hydrogen is
hydrogen bonded to a chloride anion. Upon reacting with HCl, this hydrogen bond
between NH and Cl− must be disrupted, because the peak is no longer seen at that
region in the spectrum of [HC4im][HCl2]. This is understandable, since the Cl− is
using its electrons to form a bond with hydrogen, the resulting [HCl2]
− must be
a weaker hydrogen bond acceptor than Cl−. It is well-known that while free OH
or NH groups appear as sharp peaks in IR spectra, hydrogen bonded OH and NH
groups appear as broad bands and at lower wavenumbers than the free groups.145,146
The lower wavenumbers are the results of the slightly weakened OH and NH bonds
as they hydrogen bond to other molecules or ions. However, even though hydrogen
bonds are strong enough to lengthen the OH/NH bond lengths, they are not strong
enough to keep the hydrogen donor and acceptor fixed in place, which means that
the OH/NH bond lengths are constantly changing, resulting in the broadening of
the bands. In pure [HC4im]Cl, the N-H of the imidazolium is hydrogen bonded to
Cl−, thus it appears as a broad peak at 2659cm−1. In the presence of HCl, the
Cl− ions prefer to form hydrogen bonds with the HCl rather than the NH of the
imidazolium, leaving NH as a free group which absorbs at a higher wavenumber. In
the spectrum of [HC4im][HCl2], this NH band must have overlapped with the CH
stretches. An IR spectrum of [HC4im][NTf2] was recorded for comparison. In this
ionic liquid, the [NTf2]
− anions are inert to hydrogen bonding, which means the
NH of the imidazolium is free. Fig. 4.16 shows its IR spectrum overlapping with the
IR spectrum of [HC4im][HCl2]. The peaks at around 3100cm−1 are due to the NH
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stretch. This peak is not present in the spectrum of [HC4im]Cl (Fig. 4.15). Simul-
taneously this finding has shown two things, that the bonds in the [HCl2]
− ions are
strong (since the chloride ions prefer to form hydrogen bond with the HCl rather
than the NH), and that the [HCl2]
− ions are poor hydrogen bond acceptors.
Figure 4.16.: Overlapped spectra of [HC4im][HCl2] and [HC4im][NTf2]
In the study of the structure of [Et3NH][HCl2] using 35Cl NQR, Smith suggested
that the hydrogen bonding between the NH and the [HCl2]
− ion was the reason
why the [HCl2]
− was asymmetric. It is unfortunate that he did not provide an IR
spectrum of [Et3NH][HCl2] to confirm this hydrogen bonding. If his hypothesis was
right, then it would mean the reason that the [HCl2]
− ion in [HC4im][HCl2] was
symmetric is because of the lack of this hydrogen bonding. However, it is difficult
to justify why [Et3NH]
+ can form a hydrogen bond with [HCl2]
− while [HC4im]
+
cannot. My opinion is that there are no hydrogen bonds betwen the NH and the
[HCl2]
− in both, and the reason why the [HCl2]
− is symmetric in one and asymmetric
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in the other must be due to other interactions. However, without support from X-
ray or neutron diffraction, it is difficult to know the exact interactions between the
[HC4im]
+ cations and [HCl2]
− anions. Again, there was no presence of [H2Cl3]
− and
[H3Cl4]
− anions. Table. 4.8 lists the peaks and their corresponding stretching modes
in [HC4im][HCl2].
Table 4.8.: IR peaks of [C4C1im][HCl2]
Peaks (cm−1) Intensity Description
2092 Weak ν2 overtone of [Cl-H-Cl]−
1711 Weak ν2 of [Cl-H-Cl]−
1013 Strong ν3 of [Cl-H-Cl]−
4.3.5. [C4C1im][NTf2] + HCl
According to a voltammetric study by Hardacre et al,132 it is possible for [HCl2]
−
to form when HCl gas dissolves in [C4C1im][NTf2] , even though the starting ionic
liquid does not have Cl− as the anion. This would require that the HCl separates
into ions in the ionic liquid, followed by two Cl− combining with one H+ to make
one [HCl2]
− anion. The ions are stabilized by the ionic liquid ions. The reaction
can be written as:
2 HCl −→ H+ + [HCl2]− (4.3.1)
Evidence of the presence of [HCl2]
− was given as the appearance of a peak at +1.09V
in the first oxidation cycle. They assigned the peak to the oxidation of [HCl2]
− to
form chlorine gas (eqn. 4.3.2). As the peak appeared at the very first cycle, they
suggested that the [HCl2]
− had been formed before the application of the voltage.
[HCl2]
− −→ H+ + Cl2 + 2 e− (4.3.2)
In my study, there was no change in colour going from [C4C1im][NTf2] to [C4C1im]-
[NTf2].HCl, both were colourless liquids. The water content of the product was
446.3ppm or 1mol%. When left to react with HCl for up to 1 hour, the maximum
ratio of HCl to [C4C1im][NTf2] that can be achieved was only 1:5.5. The IR spec-
trum of the [C4C1im][NTf2].HCl solution shows no evidence of [HCl2]
− (Fig. 4.18).
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The absence of [HCl2]
− peaks in the IR spectrum suggests that the conclusions
reached by Hardacre et al 132 may be erroneous. It is possible that the assignment
of the oxidation peak is incorrect, or it is possible that [HCl2]
− was being formed at
the electrode in the voltammetric experiment before being oxidised to chlorine gas.
There is also no significant absorption over the region 2600-2800cm−1 where molec-
ular HCl is supposed to absorb. This could be due to the low concentration of HCl
present, or the rapid evaporation of the HCl when the ionic liquid was transferred
to the ATR plate of the IR spectrometer.
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Figure 4.17.: IR spectrum of pure [C4C1im][NTf2]
Figure 4.18.: IR spectrum of mixture of [C4C1im][NTf2] and HCl
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4.3.6. 35Cl NQR
Attempts to detect chlorine environments on [HC4im][HCl2] and [C4C1im][HCl2]
failed to detect any peak. This is due to the short relaxation time of the chlorine
atom which makes their detection using NQR extremely difficult.
4.4. Conclusion
In this chapter, IR spectroscopy was used to characterize four mixtures of ionic
liquids with HCl gas. It can be concluded from these spectra that the presence of
the Cl− anions in the starting ionic liquids is crucial in complexing the HCl gas into
the ionic liquids. An ion of [HCl2]
− is formed when each Cl− reacts with a molecule
of HCl. By this reaction, [C4C1im]Cl, [C4C1pyrr]Cl and [HC4im]Cl were able to
absorb much more HCl than [C4C1im][NTf2]. There was no [HCl2]
− present in the
mixture of [C4C1im][NTf2] and HCl and the interaction of [C4C1im][NTf2] to HCl
was pure solvation.
All of the three chloride salts formed linear [HCl2]
− ions when reacted with HCl.
The exact geometry of the [HCl2]
− anions depends on the cations. In this study, the
aprotic chloride ionic liquids, i.e. [C4C1im]Cl and [C4C1pyrr]Cl, formed asymmetric
[HCl2]
−; the protic chloride ionic liquid i.e. [HC4im]Cl formed symmetric [HCl2]
−.
Furthermore, the [HCl2]
− species present in [C4C1im][HCl2] and [C4C1pyrr][HCl2]
are identical. The role of the cations on the geometry of the [HCl2]
− is still difficult to
unravel. Just looking at the quaternary nitrogen salts alone, there are still conflicting
trends. Table. 4.9 lists the data available in the literature and the results from this
study. The size of the cations does not appear to define the geometry of the [HCl2]
−
anions, for in the imidazolium series, the smaller cations ([C1C1im]
+ and [C2C1im]
+)
are symmetric and the big cation ([C4C1im]
+) is asymmetric; while in the fully
alkylated ammonium salts ([Me4N]
+ and [Et4N]
+), an opposite trend is seen. The
presence of a hydrogen-bond donor does not seem to define the symmetricity either
([Et3NH][HCl2] is asymmetric while [HC4im][HCl2] is symmetric). There is no IR
data on [Et3NH][HCl2], but the IR spectrum of [HC4im][HCl2] shows no hydrogen
bonding between the [HCl2]
− ion and the NH of the imidazolium ion.
It can only be concluded that the interactions between the cations and the anions
are intricate and unique for each ionic liquid.
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Table 4.9.: Combined results on quarternary nitrogen salts of [HCl2]
−
Ionic liquids Detection technique Geometry of [HCl2]
−
[Et3NH][HCl2]143 35Cl NQR asymmetric
[HC4im][HCl2] IR symmetric
[C1C1im][HCl2]138 DFT simulation symmetric
[C2C1im][HCl2]16 IR symmetric
[C4C1im][HCl2] IR asymmetric
[C4C1pyrr][HCl2] IR asymmetric
[Me4N][HCl2]142 Neutron diffraction asymmetric
[Et4N][HCl2]20 IR symmetric
At ratios of HCl to ionic liquids equal to or less than one, there was no presence of
[H2Cl3]
− or [H3Cl4]
− in all mixtures. With the one mixture in this study in which
HCl was present at a higher concentration than the ionic liquid (1:0.8 ratio of HCl
to [C4C1pyrr]Cl), there was also no evidence of [H2Cl3]
− or [H3Cl4]
− absorbances.
However, since there is also no absorbance for molecular HCl, it could be that these
anions were present at too small concentrations that their absorbances were overlaid
by the absorbances of the [HCl2]
− anion.
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Chapter 5.
Synthesis
5.1. Synthesis of ionic liquids
5.1.1. 1-Butyl-3-methylimidazolium chloride ([C4C1im]Cl)
1-chlorobutane (200mL, 1.9mol) was added dropwise to a solution of 1-methylimidazole
(120mL, 1.5mol) in ethyl acetate (200mL) and then stirred under N2 for 7 days at
60°C. The reagents were dried and distilled prior to use (1-methylimidazole over
KOH, 1-chlorobutane over P2O5 and ethyl acetate with CaH2). The two-phase liq-
uid was then cooled in the freezer overnight. Ethyl acetate was carefully removed
from the crude white solid. Re-crystallisation from acetonitrile (30mL) followed by
washing with ethyl acetate and drying under vacuum overnight afforded [C4C1im]Cl
as a completely white, crystalline solid (100g, 38%, mp 65ºC)
m/z (ESI+) 139 ([C4C1im]+, 100%) (ESI−) 35 (35Cl, 100%), 37 (37Cl, 33%). Elemen-
tal analysis (calculated C 55.01, H 8.66, N 16.04) found C 54.86, H 8.77, N 15.95. 1H
NMR (400MHz, DMSO-d6 ) d 9.30 (s, 1H, NCHN), 7.82 (s, 1H, NCHCHN), 7.75 (s,
1H, NCHCHN), 4.19 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 3.87 (s, 3H, NCH3),
1.77 (quintet, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.27 (sextet, 3JHH 7.2Hz, 2H,
N(CH2)2CH2CH3), 0.90 (t, 3JHH 7.2Hz, 3H, N(CH2)3CH3). 13C NMR (100Mhz,
DMSO-d6 ) d 136.76 (s, NCHN), 123.42 (s, NCHCHN), 122.20 (s, NCHCHN), 48.20
(s, NCH2(CH2)2CH3), 35.57 (s, NCH3), 31.33 (s, NCH2CH2CH2CH3), 18.63 (s,
N(CH2)2CH2CH3), 13.15 (s, N(CH2)3CH3). IR (cm−1) 3123 (symmetric ring C-H
stretch), 3059 (asymmetric ring C-H stretch), 2965 and 2933 (asymmetric chain C-H
stretch), 2874 (symmetric chain C-H stretch), 1564 (in plane ring bend), 1378 (CH2
asymmetric wag), 1333 (CH2 twist), 1274 (chain CH2 symmetric wag), 1260 (chain
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CH2 asymmetric wag), 1226 (chain CH2 twist), 1163 (asymmetric ring C-H in plane
bend), 1116 (symmetric ring C-H in plane bend), 1023 (asymmetric C-C stretch),
859 (symmetric C-H ring out of plane bend), 750 (asymmetric C-H ring out of plane
bend), 680 (C-N in plane bend), 668 (out of plane C-N bend).
5.1.2. 1-Butyl-3-methylpyrrolidinium chloride ([C4C1pyrr]Cl)
Cold 1-chlorobutane (300mL, 2.85mol, 1.2eq) was added dropwise to a solution of
N-methylpyrrolidine (220g, 250mL, 2.4mol, 1eq) and ethyl acetate (300mL). The
reagents were dried and distilled prior to use (N-methylpyrrolidine over KOH, 1-
chlorobutane over P2O5 and ethyl acetate with CaH2). The mixture was allowed to
cool to room temperature and then heated to 45°C for 2 weeks under nitrogen. The
mixture was allowed to cool to room temperature and the solvent was decanted.
The solid was dried in vacuo for 1 hour. The crystals were washed with 200mL
of ethyl acetate and dried in vacuo overnight. White crystals of [C4C1pyrr]Cl were
collected (186.2g, 40%, mp 106°C).
m/z (ESI+) 142 ([C4C1pyrr]+, 100%), (ESI−) 35 (35Cl, 100%), 37 (37Cl , 33%). 1H
NMR (400MHz, DMSO-d6 ) d 3.50 (broad s, 4H, 2xCαH2), 3.35 (t, 3JHH 7.4Hz, 2H,
NCH2CH2CH2CH3), 3.01 (s, 3H, NCH3), 2.08 (broad s, 4H, 2xCβH2), 1.68 (quintet,
3JHH 7.4Hz, 2H, NCH2CH2CH2CH3), 1.33 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3),
0.93 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3). 13C NMR (100Mhz, DMSO-d6 ) d 62.83 (s,
2xCβH2), 62.11 (s, 2xCαH2), 46.97 (s, NCH3), 24.85 (s, NCH2(CH2)2CH3), 20.82
(s, NCH2CH2CH2CH3), 19.19 (s, N(CH2)2CH2CH3), 13.39 (s, N(CH2)3CH3). IR
(cm−1) 3382 (broad, weak, water residue), 2963 and 2939 (asymmetric chain C-H
stretch), 2876 (symmetric chain C-H stretch), 1465 (CH3 and CH2 symmetric wags),
1380 (CH2 asymmetric wag), 1247 (chain CH2 symmetric wag), 1006 (asymmetric
C-C stretch), 929 (asymmetric chain twist), 747 (strong, C-N bend).
5.1.3. 1-Butylimidazolium chloride ([HC4im]Cl)
Freshly distilled 1-butylimidazole (20mL) was exposed to a flow of dry HCl gas with
stirring and cooling with an ice bath. The flow of gas was stopped after all the
liquid had converted into a white solid. The white solid was washed with ethyl
acetate (3×10mL) to remove excess 1-butylimidazole. Washed solid was dried in
vacuo overnight to give a white solid [HC4im]Cl (22g, 90%, mp 40°C).
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m/z (ESI+) 125 ([HC4im]+, 100%), (ESI−) 35 (35Cl, 100%), 37 (37Cl , 33%). Ele-
mental analysis (calc. C 52.34, H 8.16, N 17.44) found C 52.19, H 8.23, N 17.39. 1H
NMR (400MHz, DMSO-d6 ) d 8.86 (s, 1H, NCHN), 7.67 (s, 1H, NCHCHN), 7.50 (s,
1H, NCHCHN), 4.14 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.76 (quintet, 3JHH
7.3Hz, 2H, NCH2CH2CH2CH3), 1.23 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3),
0.89 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3). 13C NMR (100MHz, DMSO-d6 ) d 136.04 (s,
NCHN), 122.29 (s, NCHCHN), 121.75 (s, NCHCHN), 47.97 (NCH2CH2CH2CH3),
32.17 (s, NCH2CH2CH2CH3), 19.35 (s, N(CH2)2CH2CH3), 13.76 (s, N(CH2)3CH3).
IR (cm−1) 3079 (s, ring C-H stretch), 2951-2961 (s, branch C-H stretch), 2661-2562
(broad, N-H stretch), 1887 (overtone of C=C stretch), 1563 (in plane ring bend),
1446 (CH2 bend), 1116 (symmetric ring C-H in plane bend), 949 (symmetric C-H
ring out of plane bend), 779 (asymmetric C-H ring out of plane bend), 662 (out of
plane C-N bend).
5.1.4. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([C4C1im][NTf2])
Lithium bis(trifluoromethylsulfonyl)imide (80.4g, 0.28mol) was added to a solution
of [C4C1im]Cl (50g, 0.29mol) in dichloromethane (200mL). The suspension was
stirred at room temperature for 48 hours under N2. The salt residue was then
removed by filtration and rinsed with 3x30mL of dichloromethane. The combined
organic extracts were washed repeatedly with water until the aqueous phase be-
came halide free (silver nitrate test); then treated with activated charcoal and fil-
tered through a column of basic alumina to yield a colourless liquid. Finally, the
dichloromethane solvent was removed in vacuo to yield a colourless liquid (105g,
90%)
m/z (LSIMS+) 139 ([C4C1im]+, 100%); (LSIMS−) 280 ([NTf2]−, 100%). Elemental
analysis (calc. C 28.64, H 3.61, N 10.02) found C 28.52, H 3.74, N 9.92. 1H
NMR (400MHz, DMSO-d6 ) d 9.30 (s, 1H, NCHN), 7.82 (s, 1H, NCHCHN), 7.75 (s,
1H, NCHCHN), 4.19 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 3.87 (s, 3H, NCH3),
1.77 (quintet, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.27 (sextet, 3JHH 7.2Hz, 2H,
N(CH2)2CH2CH3), 0.91 (t, 3JHH 7.2Hz, 3H, N(CH2)3CH3). 13C NMR (100Mhz,
DMSO-d6 ) d 136.94 (s, NCHN), 124.00 (s, NCHCHN), 122.64 (s, NCHCHN), 119.94
(q, 1JCF 319.54Hz, CF3), 48.99 (s, NCH2(CH2)2CH3), 36.06 (s, NCH3), 31.78 (s,
NCH2CH2CH2CH3), 19.16 (s, N(CH2)2CH2CH3), 13.48 (N(CH2)3CH3). IR (cm−1)
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3149 (symmetric ring C-H stretch), 3115 (asymmetric ring C-H stretch), 2967 and
2939 (asymmetric chain C-H stretch), 2879 (symmetric chain C-H stretch), 1564
(in plane ring bend), 1464 (CH3 and CH2 symmetric wags), 1347 (SO2 asymmetric
stretch), 1329 (CH2 twist), 1275 (chain CH2 symmetric wag), 1260 (chain CH2
asymmetric wag), 1226 (chain CH2 twist), 1178 (C-S stretch), 1133 (CF3 stretch),
1052 (S-N stretch), 949 (asymmetric chain twist), 848 (symmetric C-H ring out of
plane bend), 788 (asymmetric C-H ring out of plane bend), 762 (C-N in plane bend),
750 (out of plane C-N bend).
5.1.5. 1-Butylimidazolium bis(trifluoromethylsulfonyl) imide
([HC4im][NTf2])
In a Schlenk flask, lithium bis(trifluoromethylsulfonyl)imide (57.2g, 0.2mol) was
added to a solution of [HC4im]Cl (32.0g, 0.2mol) in dichloromethane (50mL). The
resulting suspension was stirred for 48 hours, then filtered. The residual salt was
washed with dichloromethane (2 x 30mL) and the combined organic extracts were
washed with water until the aqueous phase was halide free (by silver nitrate test),
after which the solvent was removed in vacuo. The resulting liquid was treated with
activated charcoal and filtered through a pad of acidic alumina to give a colourless
liquid (72.9g, 90%).
m/z (LSIMS+) 125 ([HC4im]+, 100%), (LSIMS−) 280 ([NTf2]−, 100%). 1H NMR
(400MHz, DMSO-d6 ) d 8.61 (s, 1H, NCHN), 7.58 (s, 1H, NCHCHN), 7.42 (s, 1H,
NCHCHN), 4.12 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.76 (quintet, 3JHH 7.3Hz,
2H, NCH2CH2CH2CH3), 1.26 (sextet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.91 (t,
3JHH 7.4Hz, 3H, N(CH2)3CH3). 13C NMR (100Mhz, DMSO-d6 ) d 136.04 (s, NCHN),
122.28 (s, NCHCHN), 121.64 (s, NCHCHN), 119.94 (q, 1JCF 319.54Hz, CF3), 47.97
(s, NCH2(CH2)2CH3), 32.78 (s, NCH2CH2CH2CH3), 19.16 (s, N(CH2)2CH2CH3),
13.70 (N(CH2)3CH3). IR (cm−1) 3150 (w, N-H stretch), 2965 and 2939 (w, asym-
metric chain C-H stretch), 2879 (w, symmetric chain C-H stretch), 1580 (w, in
plane ring bend), 1462 (w, CH3 and CH2 symmetric wags), 1347 (s, SO2 asymmet-
ric stretch), 1329 (CH2 twist), 1269 (chain CH2 symmetric wag), 1260 (chain CH2
asymmetric wag), 1226 (chain CH2 twist), 1181 (s, C-S stretch), 1133 (CF3 stretch),
1086 (S=O stretch), 1053 (S-N stretch), 936 (asymmetric chain twist), 788 (asym-
metric C-H ring out of plane bend), 762 (C-N in plane bend), 750 (out of plane C-N
bend).
248
5.1 Synthesis of ionic liquids
5.1.6. 1-Butyl-3-methylimidazolium hydrogenchloride
([C4C1im][HCl2])
[C4C1im]Cl was exposed to a flow of anhydrous HCl gas at room temperature until
all the solid turned into a liquid. The resulting liquid ([C4C1im][HCl2]) was slightly
yellow in colour (Yield: 100%).
m/z (ESI+) 139 ([C4C1im]+, 100%), (ESI−) 35 (35Cl, 100%), 37 (37Cl , 33%). 1H
NMR (400MHz, DMSO-d6 ) d 12.97 (s, 1H, [HCl2]
−), 9.62 (s, 1H, NCHN), 7.89 (s,
1H, NCHCHN), 7.78 (s, 1H, NCHCHN), 4.09 (t, 3JHH 7.0Hz, 2H, NCH2CH2CH2CH3),
3.77 (s, 3H, NCH3), 1.59 (quintet, 3JHH 7.3Hz, 2H, NCH2CH2CH2CH3), 1.03 (sex-
tet, 3JHH 7.4Hz, 2H, N(CH2)2CH2CH3), 0.66 (t, 3JHH 7.3Hz, 3H, N(CH2)3CH3). 13C
NMR (100MHz, DMSO-d6 ) d 136.99 (s, NCHN), 123.81 (s, NCHCHN), 122.58 (s,
NCHCHN), 48.68 (s, NCH2CH2CH2CH3), 36.12 (s, NCH3), 31.67 (s, NCH2CH2CH2-
CH3), 19.01 (s, N(CH2)2CH2CH3), 13.56 (s, N(CH2)3CH3). IR (cm−1) 3090 (s, ring
C-H stretch), 2960-2874 (s, branch C-H stretch), 2393 and 2023 (broad, ν2 overtones
of [Cl-H-Cl]−), 1613 (broad, ν3 of [Cl-H-Cl]−), 1565 (in plane ring bend), 1462 (CH2
bend), 1165 (symmetric ring C-H in plane bend), 750 (asymmetric C-H ring out of
plane bend)
5.1.7. 1-Butylimidazolium hydrogenchloride ([HC4im][HCl2])
[HC4im]Cl was exposed to a flow of anhydrous HCl gas at room temperature until
all the solid turned into a liquid. The resulting liquid ([HC4im][HCl2]) was yellow
in colour (Yield: 100%).
m/z (ESI+) 125 ([HC4im]+, 100%), (ESI−) 35 (35Cl, 100%), 37 (37Cl , 33%). 1H
NMR (400MHz, DMSO-d6 ) d 15.20 (s, 1H, [HCl2]
−), 9.32 (s, 1H, NCHN), 7.85 (s,
1H, NCHCHN), 7.70 (s, 1H, NCHCHN), 4.21 (t, 3JHH 7.1Hz, 2H, NCH2CH2CH2CH3),
1.85 (m, 2H, NCH2CH2CH2CH3), 1.29 (m, 2H, N(CH2)2CH2CH3), 0.87 (t, 3JHH
7.4Hz, 3H, N(CH2)3CH3). 13C NMR (100MHz, DMSO-d6 ) d 135.46 (s, NCHN),
122.44 (s, NCHCHN), 120.08 (s, NCHCHN), 48.57 (s, NCH2CH2CH2CH3), 31.87
(s, NCH2CH2CH2CH3), 19.25 (s, N(CH2)2CH2CH3), 13.72 (s, N(CH2)3CH3). IR
(cm−1) 3115 (s, ring C-H stretch), 2936-2874 (s, branch C-H stretch), 2092 (broad,
ν2 overtone of [Cl-H-Cl]−) 1711 (ν2 of [Cl-H-Cl]−), 1574-1545 (in plane ring bend),
1013 (ν3 of [Cl-H-Cl]−), 1080 (asymmetric C-C stretch), 901 (symmetric C-H ring
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out of plane bend), 749 (asymmetric C-H ring out of plane bend), 658 (out of plane
C-N bend).
5.1.8. 1-Butyl-3-methylpyrrolidinium hydrogenchloride
([C4C1pyrr][HCl2])
[C4C1py]Cl was exposed to a flow of anhydrous HCl gas at room temperature until
all the solid turned into a liquid. The resulting liquid ([C4C1py][HCl2]) was slightly
yellow in colour (Yield: 100%).
m/z (ESI+) 142 ([C4C1py]+, 100%), (ESI−) 35 (35Cl, 100%), 37 (37Cl , 33%). 1H
NMR (400MHz, DMSO-d6 ) d 3.53 – 3.38 (m, 4H, 2xCαH2), 3.38 – 3.27 (m, 2H,
NCH2CH2CH2CH3), 2.98 (s, 3H, NCH3), 2.00 (broad s, 4H, 2xCβH2), 1.60 (quin-
tet, 3JHH 7.4Hz, 2H, NCH2CH2CH2CH3), 1.22 (sextet of doublets, 3JHH 7.4Hz, 4JHH
2.3Hz, 2H, N(CH2)2CH2CH3), 0.83 (td, 3JHH 7.4Hz, 4JHH 2.4Hz, 3H, N(CH2)3CH3).
13C NMR (100Mhz, DMSO-d6 ) d 63.66 (s, 2xCβH2), 63.00 (s, 2xCαH2), 47.80
(s, NCH3), 25.38 (s, NCH2(CH2)2CH3), 21.45 (s, NCH2CH2CH2CH3), 19.72 (s,
N(CH2)2CH2CH3), 13.95 (s, N(CH2)3CH3). IR (cm−1) 2962-2876 (s, branch C-H
stretch), 2381 and 1988 (strong and broad, ν2 overtones of [Cl-H-Cl]−), 1613 (weak
and broad, ν3 of [Cl-H-Cl]−), 1464 (CH2 wag), 1003 (ν2 of [Cl-H-Cl]−), 927 (sym-
metric C-H ring out of plane bend), 737 (asymmetric C-H ring out of plane bend).
5.1.9. 1-Butylimidazolium hydrogensulfate ([HC4im][HSO4])
Concentrated sulfuric acid (97%, 4.3mL, 1eq) was diluted with water (5mL). The
acid solution was added dropwise to 10mL of distilled 1-butylimidazole (1eq). The
mixture was stirred at room temperature for 1 hour and then dried in vacuo
overnight to produce a viscous yellow liquid (17.36g, 100%).
1H NMR (400MHz, DMSO-d6 ) d 9.08 (s, 1H, NCHN), 7.78 (s, 1H, NCHCHN),
7.66 (s, 1H, NCHCHN), 4.19 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 1.77 (m,
2H, NCH2CH2CH2CH3), 1.24 (m, 2H, N(CH2)2CH2CH3), 0.89 (t, 3JHH 7.4Hz, 3H,
N(CH2)3CH3). 13C NMR (100MHz, DMSO-d6 ) d 135.80 (s, NCHN), 122.35 (s,
NCHCHN), 120.78 (s, NCHCHN), 48.56 (s, NCH2CH2CH2CH3), 31.95 (s, NCH2CH2-
CH2CH3), 19.28 (s, N(CH2)2CH2CH3), 13.74 (s, N(CH2)3CH3). IR (cm−1) 3419
(weak, broad, H2O ), 3120 (strong, symmetric ring C-H stretch), 3057 (strong,
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asymmetric ring C-H stretch), 2960-2731 (multiple peaks, strong, asymmetric chain
C-H stretch), 2580 (weak, broad, O-H in [HSO4]
− stretch), 1950 (broad, weak, C=C
overtone), 1644 (weak, C=C), 1578 and 1547 (strong, in plane ring bend), 1465
(strong, CH3 and CH2 symmetric wags), 1164 (strong, broad, symmetric ring C-H
in plane bend), 1086 and 1024 (strong, broad, asymmetric C-C stretch), 847 (strong,
symmetric C-H ring out of plane bend), 766 (strong, asymmetric C-H ring out of
plane bend), 661 (weak, out of plane C-N bend).
5.1.10. 1-Butyl-3-methylimidazolium methylsulfate
([C4C1im][MeSO4])
1-Butylimidazole (143mL, 1.09mol) was mixed with 200mL toluene and the mixture
was cooled to 0°C. Dimethyl sulfate (103mL, 1.09mol) was added drop-wise while
stirring. The stirring was continued for one hour at room temperature. The top
phase was decanted and the lower phase was washed three times with 50mL toluene.
The ionic liquid was dried under vacuum. The product was a colourless, viscous
liquid (193g, 70.8%).
m/z (LSIMS+): 139 ([C4C1im]
+, 100%), 389 ([(C4C1im)2MeSO4]
+, 4%). m/z
(LSIMS-): 111 ([MeSO4]
−, 100%), 361 ([(C4C1im)(MeSO4)2]
−, 3%). Elemental
analysis (calc. C 43.18 H 7.25 N 11.27) found C 43.22, H 7.29, N 11.19. 1H NMR
(400MHz, DMSO-d6 ) d 9.12 (1H, s, NCHN), 7.79 (1H, s, NCHCHN), 7.71 (1H, s,
NCHCHN), 4.17 (2H, t, 3JHH 7.4Hz, NCH2CH2CH2CH3), 3.86 (3H, s, NCH3), 3.41
(3H, s, CH3OS), 1.76 (2H, m, NCH2CH2CH2CH3), 1.24 (2H, m, N(CH2)2CH2CH3),
0.87 (3H, t, 3JHH 7.4Hz, N(CH2)3CH3). 13C NMR (100MHz, DMSO-d6 ) d 137.04
(s, NCHN), 124.02 (s, NCHCHN), 122.72 (s, NCHCHN), 53.41 (s, CH3OS) 48.92
(s, NCH2CH2CH2CH3), 36.09 (s, NCH3), 31.84 (s, NCH2CH2CH2CH3), 19.20 (s,
N(CH2)2CH2CH3), 13.66 (s, N(CH2)3CH3).
5.1.11. 1-Butyl-3-methylimidazolium hydrogensulfate
([C4C1im][HSO4])
1-Butyl-3-methylimidazolium methylsulfate (170g, 0.682mol) was mixed with 25mL
distilled water in a round-bottomed flask fitted with a vertical Graham condenser
and a horizontal Liebig condenser on top. The mixture was heated to reflux for 24
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hours. The temperature of the cooling water in the condenser was maintained at
65°C using a temperature-controlled circulator. The Liebig condenser was cooled
with tap water. The ionic liquid was dried in vacuo at 45°C. The product was a
very viscous yellowish liquid (96.7g, 60%).
m/z (LSIMS+): 139 ([C4C1im]
+, 100%). m/z (LSIMS-): 97 ([HSO4]
−, 100%),
333 ([(C4C1im)(HSO4)2]
−, 2%). Elemental analysis (calc. C 40.66, H 6.83, N
11.86) found C 41.22, H 6.70, N 11.19. 1H NMR (400MHz, DMSO-d6 ) d 9.16
(s, 1H, NCHN), 7.78 (s, 1H, NCHCHN), 7.72 (s, 1H, NCHCHN), 6.79 (s, 1H,
[HSO4]
−), 4.16 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3), 3.85 (s, 3H, NCH3), 1.77
(m, 2H), 1.24 (m, 2H), 0.89 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3). 13C NMR (100MHz,
DMSO-d6 ) d 137.02 (s, NCHN), 124.10 (s, NCHCHN), 122.75 (s, NCHCHN), 48.94
(s, NCH2CH2CH2CH3), 36.20 (s, NCH3), 31.82 (s, NCH2CH2CH2CH3), 19.23 (s,
N(CH2)2CH2CH3), 13.75 (s, N(CH2)3CH3). IR (cm−1) 3148 and 3103 (strong, sym-
metric ring C-H stretch), 2961-2874 (multiple peaks, strong, asymmetric chain C-
H stretch), 2490 (weak, broad, O-H in [HSO4]
− stretch), 1570 (strong, in plane
ring bend), 1466 (strong, CH3 and CH2 symmetric wags), 1219 (S-O stretch), 1159
(strong, broad, symmetric ring C-H in plane bend), 1027 (strong, broad, asymmet-
ric C-C stretch), 835 (strong, symmetric C-H ring out of plane bend), 735 (strong,
asymmetric C-H ring out of plane bend).
5.1.12. 1-Butylimidazolium hydrogenphosphate
([HC4im][H2PO4])
Phosphoric acid crystals (8.08g, 1eq) were added to distilled 1-butylimidazole (10mL,
1eq). The liquid mixture was stirred at room temperature until it turned solid. The
temperature was increased to 140°C and the mixture was stirred for another hour.
Upon cooling to room temperature, the liquid converted into a slightly yellow solid.
The solid product ([HC4im][H2PO4]) was dried in vacuo at 45°C (100%, mp 116°C).
1H NMR (400MHz, DMSO-d6 ) d 8.74 (s, 2H, [H2PO4]
−), 7.98 (s, 1H, NCHN), 7.31
(s, 1H, NCHCHN), 7.06 (s, 1H, NCHCHN), 4.00 (t, 3JHH 7.2Hz, 2H, NCH2CH2CH2CH3),
1.70 (m, 2H), 1.24 (m, 2H), 0.88 (t, 3JHH 7.4Hz, 3H, N(CH2)3CH3). 13C NMR
(100MHz, DMSO-d6 ) d 137.41 (s, NCHN), 127.71 (s, NCHCHN), 120.03 (s, NCHCHN),
46.39 (s, NCH2CH2CH2CH3), 32.93 (s, NCH2CH2CH2CH3), 19.56 (s, N(CH2)2CH2-
CH3), 13.84 (s, N(CH2)3CH3). 31P NMR (162 MHz, DMSO-d6 ) d 0.69 (s, [H2PO4]
−).
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IR (cm−1) 3139 (medium, symmetric ring C-H stretch), 2960-2872 (medium, multi-
ple peaks, asymmetric chain C-H stretch), 2618 (broad, P-OH), 1941 (weak, broad,
C=C overtone), 1705 (weak, broad, C=N), 1580 (strong, in plane ring bend), 1460
(medium, CH3 and CH2 symmetric wags), 1254 (strong, P=O), 1133 (strong, P-O),
1023 (strong, broad, asymmetric C-C stretch), 869 (strong, symmetric C-H ring out
of plane bend), 772 and 751 (strong, asymmetric C-H ring out of plane bend), 661
(strong, out of plane C-N bend).
5.2. Hammett acidity function H0 sample
preparations
5.2.1. Mixtures of [C4C1im][HSO4] and [HC4im][HSO4] with
pure H2SO4
Preparation of 100% H2SO4
To ensure that the mixtures of the ionic liquids produced had as little of water as
possible, the sulfuric acid used was prepared from fuming sulfuric acid (H2SO4 +
50% SO3) and 97% aqueous sulfuric acid. Fuming sulfuric acid (5mL) was mixed
with 97% aqueous sulfuric acid (5mL) in a dry conical flask (5mL). The mixture
was left exposed to air and the sulfuric acid concentration was checked every 5
minutes by titration against a 0.1mL NaOH solution. The flask was sealed when
the concentration lowered down to 100%.
Preparation of mixtures of ionic liquids and 100% H2SO4
All equipments (needles, syringes, glasswares) were dried in vacuo and flushed with
nitrogen several times before stored in a desiccator until used.
A typical sample preparation is as follows:
For a 66% sulfuric acid mixture in [C4C1im][HSO4], 11.1769g (47.3mmol) of [C4C1im]-
[HSO4] were transferred using a pre-dried syringe and needle into a nitrogen flushed
vessel sealed with a rubber septum. The correct amount of freshly made sulfuric
acid was then calculated and 9.1345g (93.1mmol) was added to the sealed vessel.
The mixture was stirred briefly to achieve uniformity.
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All the other ionic liquid/H2SO4 mixtures were prepared in the same fashion.
Preparation of [HC4im][HSO4] + 40% 1-butylimidazole
Freshly distilled 1-butylimidazole (5mL, 0.038mol, 4eq) was added to pure [HC4im]-
[HSO4] (12.65g, 6eq). The mixture was heated to 80°C and stirred for an hour
followed by drying in vacuo at 80°C overnight.
5.2.2. Obtaining the extinction coefficients of Hammett dyes
A typical sample preparation is as follows:
4-nitroaniline: A stock solution was made by dissolving 0.0234g of 4-nitroanline
into 50mL of DCM using a volumetric flask. 0.1 to 1.2mL of the stock solution were
added to twelve volumetric flasks and top up to 25mL with DCM to produce 12
solutions with concentrations ranging from 1.36E-05 to 1.63E-04 moldm−3.
Other Hammett dyes were prepared in the similar manner. Table. 5.1 to Table. 5.9
show the absorbances of each dye at different concentrations. These data supplement
chapter 2 - sec. 3.5.
Table 5.1.: Absorbance of 3-nitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.56E-03 0.5 1.15
1.56E-04 0.5 0.15
3.13E-04 0.5 0.29
4.69E-04 0.5 0.32
6.26E-04 0.5 0.42
7.82E-04 0.5 0.55
9.38E-04 0.5 0.65
1.09E-03 0.5 0.78
254
5.2 Hammett acidity function H0 sample preparations
Table 5.2.: Absorbance of 4-nitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.36E-05 0.5 0.08
2.71E-05 0.5 0.22
4.07E-05 0.5 0.32
5.42E-05 0.5 0.39
6.78E-05 0.5 0.50
8.13E-05 0.5 0.64
9.49E-05 0.5 0.71
1.08E-04 0.5 0.83
1.22E-04 0.5 0.95
1.36E-04 0.5 1.06
1.63E-04 0.5 1.23
Table 5.3.: Absorbance of 4-chloro-2-nitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.36E-04 0.5 0.64
4.73E-04 0.5 1.26
7.09E-04 0.5 1.91
1.27E-04 0.5 0.38
2.55E-04 0.5 0.69
3.82E-04 0.5 1.06
4.46E-04 0.5 1.24
2.23E-04 0.5 0.66
1.49E-04 0.5 0.40
Table 5.4.: Absorbance of 2,4-dichloro-6-nitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
4.31E-04 1 2.40
3.59E-04 1 2.05
3.07E-04 1 1.72
2.44E-04 1 1.35
1.96E-04 1 1.06
2.12E-04 1 1.22
1.65E-04 1 0.95
1.32E-04 1 0.76
9.01E-05 1 0.51
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Table 5.5.: Absorbance of 2,6-dichloro-4-nitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
9.99E-05 0.5 0.68
2.03E-04 0.5 1.36
3.04E-04 0.5 2.08
6.19E-05 0.5 0.42
1.26E-04 0.5 0.82
1.88E-04 0.5 1.24
1.38E-04 0.5 0.92
2.80E-04 0.5 1.84
Table 5.6.: Absorbance of 2,4-dinitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.17E-04 1 1.68
8.73E-05 1 1.24
6.97E-05 1 0.99
5.42E-05 1 0.77
6.27E-05 1 0.91
4.71E-05 1 0.67
3.97E-05 1 0.56
3.12E-05 1 0.44
Table 5.7.: Absorbance of 2-bromo-4,6-dinitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.05E-04 1 1.23
7.62E-05 1 1.01
5.18E-05 1 0.66
1.24E-04 1 1.67
1.65E-04 1 2.18
9.08E-05 1 1.14
5.51E-05 1 0.79
2.87E-05 1 0.40
2.25E-05 1 0.31
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Table 5.8.: Absorbance of 3-methyl-2,4,6-trinitroaniline in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
6.92E-05 1 0.37
2.27E-04 1 1.25
1.66E-04 1 0.91
1.28E-04 1 0.70
2.99E-04 1 1.57
3.61E-04 1 1.95
2.36E-04 1 1.29
1.81E-04 1 0.99
Table 5.9.: Absorbance of 4-nitrotoluene in DCM
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.83E-04 1 1.87
1.51E-04 1 1.52
1.64E-04 1 1.55
1.26E-04 1 1.28
1.01E-04 1 1.02
8.91E-05 1 0.89
8.07E-05 1 0.81
5.29E-05 1 0.52
3.57E-05 1 0.34
5.2.3. Preparation of solutions of Hammett dyes in mixtures of
ionic liquid with H2SO4 and 1-butylimidazole
A typical sample preparation is as follows:
Mixture of [C4C1im][HSO4] + 80% H2SO4: A stock solution of 3-methyl-2,4,6-
trinitroaniline was made in ethanol (0.0135g in 25mL EtOH, 2.23E-03 moldm−3).
5mL of this stock solution was added to a glass vial followed by removal of ethanol
in vacuo. Addition of 5mL of [C4C1im][HSO4] + 80% H2SO4 ionic liquid produced
a stock solution of the dye in ionic liquid (2.23E-03 moldm−3). In a glove box, the
stock ionic liquid (0.1mL to 1mL roughly) was added to 10 pre-weighed vials. Pure
ionic liquid/H2SO4 (1.9mL to 1.0mL roughly) mixture was then added on top. The
vials were weighed after each addition. Concentration of each individual vial was
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calculated using the weights recorded, as followed:
Conc. of dye (moldm−3) = 2.23E− 03×Weight of stock ionic liquidTotal weight
Other mixtures of ionic liquid and sulfuric acid were prepared in a similar manner.
Table. 5.10 to Table. 5.24 show the absorbances of each dye at different concentra-
tions in ionic liquids. These data supplement chapter 2 - sec. 3.5.
Table 5.10.: Absorbance of 4-nitroaniline in pure [C4C1im][HSO4]
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.62E-05 0.5 0.08
4.94E-05 0.5 0.26
7.17E-05 0.5 0.45
1.60E-04 0.5 1.09
2.60E-04 0.5 1.74
1.31E-04 0.5 0.88
1.53E-04 0.5 1.05
Table 5.11.: Absorbance of 2,4-dichloro-6-nitroaniline in [C4C1im][HSO4] + 33%
H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.23E-04 0.5 0.56
5.29E-04 0.5 1.02
4.40E-04 0.5 0.50
6.40E-04 0.5 1.06
1.17E-03 0.5 2.11
7.83E-04 0.5 1.89
5.75E-04 0.5 1.53
2.29E-04 0.5 0.54
8.32E-04 0.5 1.38
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Table 5.12.: Absorbance of 2,4-dinitroaniline in [C4C1im][HSO4] + 50% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
9.23E-04 0.5 1.68
1.25E-03 0.5 2.10
4.73E-04 0.5 0.92
1.22E-03 0.5 2.04
8.54E-04 0.5 1.59
6.40E-04 0.5 1.25
3.65E-04 0.5 0.66
2.99E-04 0.5 0.55
Table 5.13.: Absorbance of 2-bromo-4,6-dinitroaniline in [C4C1im][HSO4] + 66%
H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.42E-04 0.5 0.52
4.25E-04 0.5 0.76
7.94E-04 0.5 1.30
1.23E-03 0.5 1.91
1.15E-03 0.5 1.79
9.77E-04 0.5 1.58
5.77E-04 0.5 0.99
6.50E-04 0.5 1.10
Table 5.14.: Absorbance of 3-methyl-2,4,6-trinitroaniline in [C4C1im][HSO4] + 71%
H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.18E-04 1 0.62
1.79E-04 1 0.77
2.26E-04 1 0.90
2.40E-04 1 0.91
1.57E-04 1 0.55
1.28E-04 1 0.46
5.89E-05 1 0.32
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Table 5.15.: Absorbance of 3-methyl-2,4,6-trinitroaniline in [C4C1im][HSO4] + 80%
H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
6.53E-05 1 0.10
2.31E-04 1 0.40
2.38E-04 1 0.43
2.34E-04 1 0.39
2.48E-04 1 0.40
1.42E-04 1 0.29
2.90E-04 1 0.51
Table 5.16.: Absorbance of 4-nitrotoluene in [C4C1im][HSO4] + 92% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
4.89E-04 0.5 1.33
4.07E-04 0.5 1.28
1.72E-04 0.5 0.56
4.64E-04 0.5 1.37
6.31E-04 0.5 1.87
2.31E-04 0.5 0.75
2.68E-04 0.5 1.00
Table 5.17.: Absorbance of 4-nitrotoluene in pure H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.61E-04 0.5 1.06
3.42E-04 0.5 1.28
1.26E-04 0.5 0.58
5.24E-04 0.5 1.94
1.80E-04 0.5 0.82
2.82E-04 0.5 1.18
5.13E-04 0.5 1.89
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Table 5.18.: Absorbance of 4-nitroaniline in pure [HC4im][HSO4]
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.60E-05 1 0.32
4.94E-05 1 0.80
7.17E-05 1 1.04
1.60E-04 1 2.18
1.31E-04 1 1.77
1.65E-04 1 2.32
Table 5.19.: Absorbance of 2,4-dichloro-6-nitroaniline in pure [HC4im][HSO4] +
36% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.35E-04 0.5 0.34
3.48E-04 0.5 0.48
4.36E-04 0.5 0.64
5.58E-04 0.5 0.89
7.74E-04 0.5 1.24
1.10E-03 0.5 1.75
2.97E-04 0.5 0.43
Table 5.20.: Absorbance of 2-bromo-4,6-dinitroaniline in pure [HC4im][HSO4] +
65% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
2.54E-04 0.5 0.16
4.51E-04 0.5 0.22
7.12E-04 0.5 0.49
8.86E-04 0.5 0.58
1.19E-03 0.5 1.19
1.23E-03 0.5 1.08
1.52E-03 0.5 1.25
4.49E-04 0.5 0.43
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Table 5.21.: Absorbance of 2-bromo-4,6-dinitroaniline in pure [HC4im][HSO4] +
71% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
4.40E-04 0.5 0.18
1.15E-03 0.5 0.85
1.67E-03 0.5 1.24
1.74E-03 0.5 1.37
1.29E-03 0.5 1.00
Table 5.22.: Absorbance of 3-methyl-2,4,6-trinitroaniline in pure [HC4im][HSO4]
+ 75% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.25E-04 0.5 0.23
5.27E-05 0.5 0.08
8.83E-05 0.5 0.18
1.22E-04 0.5 0.20
1.98E-04 0.5 0.30
2.11E-04 0.5 0.33
Table 5.23.: Absorbance of 3-methyl-2,4,6-trinitroaniline in pure [HC4im][HSO4]
+ 84% H2SO4
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.75E-04 1 0.35
2.89E-04 1 0.64
3.65E-04 1 0.73
3.26E-04 1 0.61
5.20E-04 1 0.84
2.36E-04 1 0.56
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Table 5.24.: Absorbance of 3-nitrotoluene in [HC4im][HSO4] + 40% 1-
butylimidazole
Concentration (moldm−3) Cuvette pathlength (cm) Absorbance
1.16E-03 1 1.24
3.26E-04 1 0.39
5.39E-04 1 0.62
8.36E-04 1 0.98
1.14E-03 1 1.35
8.02E-04 1 1.07
2.26E-04 1 0.34
1.63E-04 1 0.25
5.2.4. Aqueous solution of [C4C1im][HSO4] and [HC4im][HSO4]
with pure H2SO4
A typical sample preparation is as follows:
Pure [C4C1im][HSO4]: A stock solution of pure [C4C1im][HSO4] (0.049moldm−3)
and a stock solution of 3-nitroaniline (0.0016moldm−3) were made in water. To 10
sample vials, 0.9mL of the stock dye solution was added together with 0.0 to 0.9mL
of the stock ionic liquid. Each sample was then made up to 2mL with distilled water
to produce an array of equal concentration of dye, while varying the concentration
of the ionic liquid.
Aqueous solutions of other mixtures of [C4C1im][HSO4] and [HC4im][HSO4] with
H2SO4 and 1-butylimidazole were prepared in a similar manner. 4-nitroaniline dye
was used for all but pure [C4C1im][HSO4].
5.2.5. Acetonitrile solution of [C4C1im][HSO4] and
[HC4im][HSO4] with pure H2SO4
A typical sample preparation is as follows:
[C4C1im][HSO4] with no added acid: Acetonitrile was dried and distilled before use.
A stock solution of pure [C4C1im][HSO4] (1moldm−3) and a stock solution of 3-
nitroaniline (0.023moldm−3) in acetonitrile were made. To 10 sample vials, 0.1mL
of the stock dye solution was added together with 0.0 to 0.9mL of the stock ionic
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liquid. Each sample was then made up to 1mL with acetonitrile to produce an array
of equal concentration of dye, while varying the concentration of the ionic liquid.
Acetonitrile solutions of other mixtures of [C4C1im][HSO4] with H2SO4 were pre-
pared in a similar manner.
5.2.6. Measuring H0 using mesityl oxide
Mesityl oxide was bought from Sigma Aldrich and distilled before use. In a glove
box, each ionic liquid was added to six vials (roughly 0.5mL in each vial). The
vials were weighed to give the exact mass of the ionic liquid. The correct amount of
mesityl oxide was calculated (from 1% to 6% w/w of the ionic liquid) and added to
the vials. The vials were then sealed and shaked to ensure thorough mixing. The
mixtures were transferred to NMR tubes along with a sealed cappilary tube filled
with DMSO-d6 . 13C NMR was run at 100MHz using a Bruker NMR spectrometer.
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Appendix A.
Maths
A.1. Mathematical transformations
A.1.1. From equation 2.4.1 to equation 2.4.2 on page 51
(chapter 2)
Hammett defined H0 as:
H0 ≡ pKBH+ − log
(
[BH+]
[B]
)
(2.4.1)
pKBH+ is defined in water as:
pKBH+ ≡ − log
(
aH+,aq × aB,aq
aBH+,aq
)
(A.1.1)
where a is the activity of a chemical species, aX = γX[X] where γX is the activity
coefficient of species X, which is a factor to account for deviation from ideal solution.
If the solvent of interest (S) is not water, the activity has to be modified to include
the change in solvation energy, using the transfer activity coefficient Γ.
aX,S = aX,aq × ΓX,aq/S
Substituting pKBH+ from eqn. A.1.1 , aB,S = ΓBγB[B] and aBH+ = ΓBH+γBH+ [BH+]
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to eqn. 2.4.1 gives:
H0 = − log
(
aH+,aqΓBγB[B]
ΓBH+γBH+ [BH+]
)
− log
(
[BH+]
[B]
)
H0 = − log(aH+,aq)− log
(
γB
γBH+
)
− log
(
ΓB
ΓBH+
)
(2.4.2)
A.1.2. Calculation of the hypothetical pH of pure
[HC4im][HSO4] and [C4C1im][HSO4] (chapter 2)
The pKa of the [HSO4]
− anion is 2. The concentrations of the ionic liquids in their
pure state were calculated from their density and their molecular weights and were
5.80molL−1 and 5.38molL−1 for [HC4im][HSO4] and [C4C1im][HSO4] respectively.
[HSO4]
− −−⇀↽− H+ + [SO4]2−
Ka =
[H+][SO4]
2−
[HSO4]
− = 10−2
Since [H+] is equal to [SO4]
2−, the concentration of H+ is equal to:
[H+] =
√
Ka × [HSO4]−
pH = − log
√
Ka × [HSO4]−
Thus the pH value of pure [HC4im][HSO4] is:
pH = − log
√
10−2 × 5.80 = 0.62
and the pH value of pure [C4C1im][HSO4] is:
pH = − log
√
10−2 × 5.38 = 0.64
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A.1.3. Solutions for rate equations (chapter 3)
A.1.3.1. Pseudo-first order rate equation
For a first order rate equation r = k[A], the rate r is equal to the rate of loss of the
concentration of the starting material A:
r = −d[A]
dt
Thus,
−d[A]
dt
= kobs[A] (A.1.2)
Rearraging eqn. A.1.2:
d[A]
[A] = −kobsdt (A.1.3)
Solving differential eqn. A.1.3 gives:
ˆ
d[A]
[A] =
ˆ
−kobsdt
ln [A] = −kobst
In kinetic runs, the concentration of a reactant is usually quoted as a fraction of its
starting concentration:
ln [A][A]0
= −kobst
A.1.3.2. Pseudo-second order rate equation with two variable concentrations
For a second order rate equation r = k[A][B] where A and B are both reactants and
react with a 1:1 stoichiometric ratio, the rate r is equal to:
r = −d[A]
dt
= −d[B]
dt
(A.1.4)
Since the stoichiometric ratio of A to B is 1:1, if B is the one in excess, then the
amount of the excess ([B] − [A]) will always stay constant. Thus the original rate
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equation can be converted to:
r = k[A][A+E] (A.1.5)
where E is the excess and is equal to ([B]0 − [A]0). Combining eqn. A.1.4 and eqn.
A.1.5 gives:
−d[A]
dt
= k[A][A+E] (A.1.6)
We can rearrange eqn. A.1.6 to:
d[A]
[A][A+E] = −kt (A.1.7)
To solve the above equation, we first need to separate the term on the left hand side
into partial fractions, i.e. find m and n in the following eqn:
1
[A][A+E] =
m
[A] +
n
[A+E]
Converting the denominator of the right hand side to be the same as the left hand
side gives:
1
[A][A+E] =
m[A+E] + n[A]
[A][A+E]
which meansk
1 = m[A+E] + n[A]
1 = (m+ n)[A] +m[E]
Since [A] is a variable and since the left hand side has no term of [A], [A] must have
been cancelled out on the right hand side as well, i.e.:
m+ n = 0
m[E] = 1
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Thus the values of m and n are:
m = 1[E]
n = − 1[E]
Substituting these into eqn. A.1.7 gives:
d[A]
[A][A+E] =
d[A]
[A][E] −
d[A]
[E][A+E] = −kt (A.1.8)
Integrating eqn. A.1.8 gives:
ˆ
d[A]
[A][E] −
ˆ
d[A]
[E][A+E] = −kt
1
[E] ln [A]−
1
[E] ln[A+E] = −kt
Replacing E with ([B]0−[A]0) gives:
ln[B]-ln[A] = ([B]0 − [A]0)kt
Rewriting the concentrations of A and B as fractions of their starting concentrations
gives:
ln
(
[B]
[B]0
× [A]0[A]
)
= ([B]0 − [A]0)kt
A.2. Error calculations
A.2.1. Standard errors of the H0 values of ionic liquids obtained
using Hammett bases in pure ionic liquids (chapter 2)
H0 was calculated from 0 and  using eqn. 2.5.1 on page 61:
H0 = pKBH+ − log
(
0 − 

)
(2.5.1)
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The standard error of H0 is calculated as follows:
σ2H0 =
(
dH0
dpKBH+
)2
σ2pK
BH+
+
(
dH0
d0
)2
σ20 +
(
dH0
d
)2
σ2
σ2H0 = σ
2
pK
BH+
+
(
1
2.303(0 − )
)2
σ20 +
(
0
2.303(0 − )
)2
σ2 (A.2.1)
Taking the square root of eqn. A.2.1 gives the standard error value of H0.
A.2.2. Standard errors of the H0 values of ionic liquids obtained
by extrapolation of H0 values of dilute solutions of ionic
liquids in water and acetonitrile (chapter 2)
H0 for an ionic liquid in its pure state was obtained by diluting the ionic liquid into
water or acetonitrile at various concentrations then plotting a graph of the log of
concentration of the ionic liquid against the H0 values of these solutions. A best fit
line was fitted and extrapolated to the concentration of pure ionic liquid (calculated
from its density) to give an estimate value for the H0 of pure ionic liquid. The
equation of the best fit line has the form:
H0 = m log[ionic liquid] + c (A.2.2)
The standard error of H0 is again calculated by differentiating the terms of eqn.
A.2.2:
σ2H0 =
(
dH0
dm
)2
σ2m +
(
dH0
dlog[IL]
)2
σ2log[IL] +
(
dH0
dc
)2
σ2c
σ2H0 = (log[IL])
2 σ2m +m2σ2log[IL] + σ2c (A.2.3)
Taking the square root of eqn. A.2.3 gives the formula for the standard error of H0:
σH0 =
√
(log[IL])2 σ2m +m2σ2log[IL] + σ2c (A.2.4)
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Concentration of ionic liquid in pure state is calculated from the ionic liquid density:
[IL] (moldm−3) = density
Mw
log[IL] = log density
Mw
= log(density)− logMw
Thus the standard error in log[IL] is:
σ2log[IL] =
(
dlog[IL]
ddensity
)2
σ2density
σ2log[IL] = (
σdensity
2.303× density )
2 (A.2.5)
Substituting eqn. A.2.5 into eqn. A.2.4 gives the formula for the calculation of the
standard error of H0:
σH0 =
√
(log[IL])2 σ2m +m2(
σdensity
2.303× density )
2 + σ2c
Density measurements were recorded using an Anton-Paar densitometer. The stan-
dard error of density σdensity is 0.0005g/mL.
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